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Abstract

Two-dimensional MXenes, with TizCo-Tx being
the most prominent member, show properties
that make them promising for a manifold of
applications, including electrodes in light
emitting diodes, solar cells, and field effect
transistors based on organic semiconductors. In
these cases, the work function of MXenes plays
an important role for the energy level alignment
to the subsequently deposited organic layer, as it
determines the electron and hole injection
barriers. Therefore, methods for controlling the
TizC,-Tx work function should be developed. We <
demonstrate that, by using thin layers of (metal-

)Jorganic donor/acceptor molecules, the work function of TisCx-Tx can be tuned over a range
of more than 3 eV. This enables tuning the energy level alignment to a subsequently deposited
organic semiconductor, all the way from intrinsic Fermi level pinning at the highest occupied
molecular energy level (minimal hole injection barrier) to pinning at the lowest unoccupied
level (minimal electron injection barrier). Furthermore, it is shown that a predominantly
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oxygen-terminated surface does not lead to an extraordinary high work function, in contrast
to theoretical predictions. The proposed strategy may greatly expand the use of MXenes in
conjunction with organic hole and electron transport layers in optoelectronic devices.

Introduction

Since their discovery in 2011 MXenes, which are defined as a family of two-dimensional
materials with the formula Mn+1X,, where M is a transition metal and X is typically either
carbon or nitrogen (oxygen substitution is also possible),! have attracted much interest in
various fields, including electrochemical energy storage, electromagnetic interference
shielding, catalysis, water purification, gas separation, and biomedicine.?”” The possibility of
employing MXenes to these vastly different fields of application is based on their unique
chemical and physical properties, such as high electrical conductivity, processability from
aqueous dispersions due to their hydrophilicity, excellent mechanical properties, and,
especially, chemical configurability.®-1!

Recently, MXenes have been employed as electrodes in organic field effect transistors and
organic light emitting diodes.'>'3 The high transparency,'* good electrical conductivity,*®
flexibility,'® and dispersibility in both water'” and organic solvents!® of Ti3sC,-Ty, although with
limited stability, renders it a potential candidate for an electrode material in large scale,
flexible devices. The theoretically predicted large tunability of its work function (1.8 eV for
pure -OH termination, 6.2 eV for pure -O termination)'? is another interesting property for this
type of application. In combination with the ionization energy (electron affinity) of the
semiconductor, the work function directly determines the hole (electron) injection barriers
from the electrode to the semiconductor according to the simple Schottky-Mott rule.2%2!
However, the fabrication of MXenes with well-controlled uniform termination remains
challenging and no work function values near those predicted have been achieved so far. To
the best of our knowledge, the maximum range of intentional work function tuning of TizCs-
T« experimentally achieved so far is 0.9 eV.?? A MXene electrode with a perfluorosulfonic acid
(PFSA) barrier layer achieved a work function of 5.84 eV and showed promise for organic light-
emitting diodes (OLEDs).?

In this work, we present an alternative approach to tune the work function of TizC,-Tx MXene.
By using a thin layer of a (metal-)organic electron donor or acceptor molecule (shown in Figure
1, alongside the organic semiconductors employed in this study) the work function of TizCx-Tx
can be adjusted over a remarkably wide range of 3.25 eV. Using these donor/acceptor
molecules as an interlayer allowed then to adjust the energy level alignment to a subsequently
deposited organic semiconductor from intrinsic Fermi level pinning at the highest occupied
molecular orbital (HOMO) level (minimal hole injection barrier) all the way to pinning at the
lowest unoccupied molecular orbital (LUMO) level (minimal electron injection barrier). This
approach thus enables the optimization of charge injection barriers between TizC,-Tx and a
manifold of organic semiconductors, covering a wide range of ionization energy and electron
affinity values. We further show that the work function of predominantly oxygen-terminated
TisCa-Tx is 4.65 eV, much lower than previously predicted,?* casting doubt on the realizability
of extremely high/low predicted work function values by surface termination groups alone.
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Figure 1: Structure of TisC,-Tx and of the molecules deposited on top in this work. a) 4,4'-
bis(N-carbazolyl)-1,1'-biphenyl (CBP), b) 1,3,4,5,7,8-hexafluoro-11,11,12,12-
tetracyanonaphtho-2,6-quinodimethane (Fs TCNNQ), c)
(pentamethylcyclopentadienyl)(1,3,5-trimethylbenzene)ruthenium dimer ([RuCp*Mes],) and
d)1,1,2,2,7,7,8,8-octamethyl-1,2,7,8-tetrahydrodicyclopenta[cd,/Im]perylene (OMP).

Results and discussion
Interfacial push-back effect

Before turning to the work function tuning of TisCx-Tx with donor/acceptor molecules, we
address a fundamental phenomenon that has been revealed before for elemental metal
electrodes only. The so-called “push-back” or “pillow” effect describes the reduction of a
metal work function after deposition of a layer of non-reactive molecules. The electron density
extends outside a bare metal surface, creating a surface dipole that contributes to the overall
work function. Upon molecular deposition, this spilling of electron density outside of the
surface is reduced by Pauli repulsion with the molecular electron density, resulting in a
decrease of the surface dipole and thus the work function.?> This reduction in work function
can be very large, e.g., 1.28 eV in the case of copper.?® For both inorganic and organic
semiconductor surfaces, on the other hand, this effect is typically not observed due to their
much lower electron density compared to metals.?”?® TisCo-Tx MXene is metallic,?3°
therefore, in a first step we investigated whether the push-back effect upon molecule
deposition is as pronounced as for elemental metals. For this purpose, we chose 4,4'-bis(N-
carbazolyl)-1,1'-biphenyl (CBP) as organic molecular semiconductor, as it has a sufficiently
high ionization energy and suitably low electron affinity (both compared to the work function
of our bare MXene surface) to rule out ground state charge transfer related work function
changes.3! The corresponding ultraviolet photoelectron spectroscopy (UPS) spectra are shown
in Figure 2. The initial work function of our Ti3C,-Tx, as determined from the onset of the
secondary electron cut-off (SECO), was 4.65 eV (black curve). Besides a distinct Fermi-edge,
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the valence band shows features stemming from fluorine terminations (peak around 0 eV
binding energy) and oxygen terminations (peaks at around 2 and 3 eV binding energy) as
described in detail in a previous study.?? After deposition of nominally 5 A CBP, the work
function is reduced slightly to 4.60 eV and further to 4.52 eV after deposition of nominally 15
A of CBP. The latter corresponds to a closed monolayer, as the work function does not change
significantly upon further deposition of CBP. The prominent double-peak structure of the CBP
HOMO is clearly visible for nominal thicknesses of 15 A and above, and yields an ionization
energy of 6.16 eV. Adding a value of 3.4 eV for the band gap one obtains an electron affinity
of 2.76 eV,3? confirming that work function changes due to charge transfer can be ruled out
as expected. The total 130 meV reduction in work function between bare surface and 15 A
CBP indicates that the push-back effect is comparably small, but not negligible. For
comparison, experimental values of work function reduction by the push-back effect reported
for elemental metals are 0.95 eV for Ag(111)33 and 0.8 eV for polycrystalline gold.3* The small
push-back effect observed here is in line with the atomic structure of TizC>-Tx MXene, where
the TisC,-Tx core features the metallic properties, but the surface termination groups exhibit
a more rigid electron density than a bare metal surface, in analogy to what has been reported
for a molecularly covered metal.®® Consequently, Pauli repulsion upon molecule deposition
does not change the surface dipole as much as it does for elemental metals.
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Figure 2: a) Secondary electron cut-off and b) valence band spectra for different thicknesses
of CBP deposited on TizC,-Tx. The reduction in work function can be attributed to the push-
back effect. Spectra are vertically offset for clarity.



Work function tuning

Work function modification by using (metal-)organic donor/acceptor molecules has been
described before for elemental metals3>*® and inorganic semiconductors.?®37-3% The
deposition of a thin layer of acceptor molecules with an electron affinity higher than the work
function of the substrate leads to an electron transfer from the substrate to the molecular
layer to establish electronic equilibrium. This results in the formation of an interface dipole
oriented with its positive end toward the substrate, consequently increasing the work
function. In the case of inorganic semiconductors a change in surface band bending is typically
observed as well, depending on the doping level and surface state density,*® which further
increases the work function. For donor molecules with an ionization energy lower than the
substrate work function the concept is reversed. Electrons are transferred from the molecules
to the substrate and the resulting interface dipole is oriented with its positive end away from
the surface, leading to a decrease in work function. We thus conducted analogous
experiments for Ti3C,-Tx to investigate whether this strategy can be applied in this case as well.
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Figure 3: a) Secondary electron cut-off and b) valence band spectra of TizC,-Tx (black) covered
with nominally: 5 nm OMP (green), 1.6 nm FeTCNNQ (red), 1.6 nm FsTCNNQ + 5 nm OMP
(blue), 2.4 nm [RuCp*mes]; (purple) and 2.4 nm [RuCp*mes], + 5 nm OMP (yellow). Work
functions and HOMO onsets are indicated by numbers. Spectra are vertically offset for clarity.

The corresponding UPS spectra are shown in Figure 3. Upon deposition of ca. monolayer of
1,2,3,4,7,8-hexafluoro-11,11,12,12-tetracyanonaphtho-2,6-quinodimethane (FsTCNNQ) the
work function of TisC,-Tx increased up to 5.69 eV (red/purple curve). No binding energy shifts
in the TisCo-Tx core levels were observed (see Ti2p spectra in Figure S1, Supporting



Information), indicating the absence of band bending, as expected for a metal. Upon
deposition of ca. monolayer of (pentamethylcyclopentadienyl)(1,3,5-
trimethylbenzene)ruthenium dimer ([RuCp*Mes],, which is cleaved into two monomers with
very low ionization energy after deposition, as described in detail elsewhere)3®4! the work
function of Ti3C,-Tx was reduced to 2.44 eV (blue/purple curve), again without any induced
band bending observed (Figure S1, Supporting Information). Virtually any intermediate work
function value between the two extremes can be achieved by employing appropriate sub-
monolayer coverage of the respective donor/acceptor molecules (Figure S2, Supporting
Information). This method allows covering a very broad work function range of 3.25 eV.
Different orientations of the molecules due to, e.g., different deposition parameters, could
quantitatively change the work function change, but not the qualitative trend.*? To put this
into perspective, we summarized TizCo-Tx work function values found in literature from
experiment and theory in Figure 4.1213.2243-54 Thjs comparison illustrates that: (i) a wide spread
can be observed for as-prepared samples, ranging from 3.77 eV to 5.28 eV, with an average
of 4.610.4 eV. These values brace the range of 4.64 eV to 5.19 eV that we observed for as-
prepared samples after annealing at =350 °C in this work. (ii) Only a few attempts have been
made to date to tune the work function of TizC,-Tx, with moderate success (maximum range
0.9 eV). The minimal and maximal work function values of 2.44 eV and 5.69 eV achieved in the
present work span a much wider range and approach the predicted theoretical extreme work
function values of 1.86 eV and 6.14 eV for TizC,-Tx with pure -OH or -O terminations,
respectively,!® as indicated by the dashed lines in Figure 4.
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Figure 4: TisCo-Tx work function values found in the literature compared to those obtained in
this work. The error bars indicate an intended change of the work function. The dashed lines
indicate values predicted by density functional theory calculations for pure surface
terminations.*®



Energy level alignment tuning

To show how the work function tuning demonstrated above can be utilized to control the
energy level alignment between TisCo-Tx and a subsequently deposited organic
semiconductor, we chose a newly synthesized perylene derivative, namely 1,1,2,2,7,7,8,8-
octamethyl-1,2,7,8-tetrahydrodicyclopenta[cd,/Im]perylene (OMP), because this method
allows at the same time the determination of ionization energy and electron affinity of this
molecule, as demonstrated later. The synthesis details, nuclear magnetic resonance and mass
spectra can be found in the Supporting Information, section S3. Its structure is shown in Figure
1, and the corresponding UPS data in Figure 3. When 5 nm of OMP are deposited onto pristine
TisCy-Tx the work function is reduced from initially 5.19 eV (purple curve) to 4.61 eV and two
distinct peaks appear in the valence band spectrum (green/purple curves). The lowest binding
energy peak with a maximum at =1 eV is assigned to stem from the HOMO level of OMP and
the neighboring peak with a maximum at 2.85 eV is assigned to the HOMO-1. With the HOMO
onset at 0.61 eV (corresponding to the hole injection barrier at this interface) and the sample
work function of 4.61 eV the ionization energy of OMP on Ti3C,-Tx can be determined to 5.22
eV. This is very close to the work function of the pristine TizC,-Tx and will therefore already
lead to minute electron transfer from OMP to the TisC,-Tx substrate, accompanied by the
formation of an interface dipole that lowers the sample work function compared to the
pristine MXene surface. This phenomenon is known as intrinsic Fermi level pinning at the
HOMO level.>> When the work function of TisCo-Tx is increased to 5.69 eV with the ca.
monolayer FsTCNNQ, the results after OMP deposition are qualitatively the same
(green/red/purple curves). However, the hole injection barrier, defined as the energy
difference between the Fermi level at 0 eV binding energy and the HOMO onset, is in this case
reduced to 0.32 eV. When OMP is deposited on the [RuCp*Mes].-modified TizC,-Tx, with a
work function of 2.44 eV, a slight increase in work function to 2.66 eV is observed
(green/blue/purple curves). This indicates electron transfer from the modified TisCa-T
substrate to the LUMO level of OMP, respectively referred to as Fermi level pinning at the
LUMO level. From this observation we can infer that the electron affinity of OMP is around 2.3
eV, assuming similar HOMO/LUMO level shapes and therefore comparable hole/electron
injection barriers.>® This yields an electronic band gap of OMP of about 2.9 eV. The measured
HOMO onset in this case is 2.67 eV, a significant change of +2.35 eV compared to OMP on an
FeTCNNQ interlayer. The energy level diagrams derived for both interlayers from our UPS data
are shown in Figure 5, which evidently demonstrates how the energy level alignment between
TisC2-Tx and OMP is changed from a minimal hole injection barrier in the case of an FeTCNNQ
interlayer to a minimal electron injection barrier in the case of an [RuCp*Mes] interlayer. The
universal applicability of this interlayer method, for different substrates and different organic
molecules and polymers, has been demonstrated before.3%°7>% Based on the attained work
function range, minimal injection barriers to organic semiconductors with ionization energies
(electron affinities) as high (low) as about 6.0 eV (2.1 eV) should be achievable, thus
tremendously expanding the range of possible organic materials to be used in devices with
Ti3Co-Tx as an electrode.
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Figure 5: Energy level diagram derived from the measurements shown in Figure 2. With the
help of a thin interlayer of acceptor/donor molecules the energy level alignment between
TisCo-Tx and OMP can be tuned from a) minimal hole injection barrier using FeTCNNQ to b)
minimal electron injection barrier using [RuCp*Mes].. All energy values are in eV.

Work function of predominantly oxygen-terminated TizC>-Ox

From theoretical calculations, it is predicted that surface termination has a huge impact on
the work function of TisCp-Tx.1%?* Surfaces terminated purely with oxygen are predicted to
have a high work function of up to 6.2 eV, while purely hydroxyl terminated surfaces are
predicted to have a very low work function as low as 1.8 eV. However, none of these surfaces
with pure terminations was experimentally realized until 2020 when Persson et al.
demonstrated a way to potentially produce purely oxygen-terminated Ti3C,-O; by an initial
high-temperature annealing to remove fluorine terminations and a subsequent mild annealing
at 100 °Cin 2 mbar of oxygen.>® We repeated this sample treatment to test if indeed very high
work function values can be achieved in this way. The corresponding X-ray photoelectron
spectroscopy (XPS) and UPS spectra are shown in Figure 6 for a low temperature (=350 °C)
annealing (black curves), a high temperature (=750 °C) annealing to remove fluorine
terminations (red curves), and a subsequent oxygen exposure at 2 mbar and =100 °C to
saturate the surface with oxygen termination (blue curves). As observed by Persson et al. and
also in our previous study,?2°%0 the fluorine content decreases by about 80 % after high-
temperature annealing. This can be seen both in the survey spectra (Figure S4a, Supporting
Information) as well as in the narrow scans of the fluorine F1s region in Figure 6a. They exhibit
only one peak, corresponding to the fluorine surface termination of TizC,-Tx. A complete
removal could not be achieved, in agreement with previous reports, which moreover
confirmed the structural stability at these elevated temperature by thermogravimetric
analysis and transmission electron microscopy.?>%© The O1s spectra in Figure 6b show
significant changes in line shape, ascribed to a rearrangement of the oxygen atoms from the
initially occupied bridge and hexagonal close-packed (HCP) sites to the face-centered cubic
(FCC) site.?? The Ti2p spectra in Figure 6¢ were fitted with a model suggested by Natu et al.,
which comprises four peaks corresponding to different numbers of oxygen and fluorine atoms



bound to titanium.5! All fit parameters are listed in the Supporting Information, section S5.
However, this model does not consider different adsorption sites. A valence band peak at
around 9 eV, ascribed to the fluorine, is strongly reduced and peaks related to oxygen
termination groups at around 3 eV and 6 eV become more pronounced, as can be seen in
Figure S4c in the Supporting Information.?? The initial work function of 4.64 eV is reduced to
4.45 eV, in agreement with previous observations and calculations that predict the work
function of bare Ti3C; to be slightly lower than fluorine terminated TisC,-F,.1%2? After oxygen
exposure the spectral shapes of the Ol1s and Ti2p spectra change again. Person et al. showed,
by electron diffraction and residual gas analysis, that the structure of TizC,-Tx is stable up to
400 °C during 2 mbar O, exposure, so structural changes can be ruled out as cause for the
observed changes in the XPS spectra.® Fitting of the O1s spectrum suggests a re-occupation
of the bridge and hexagonal-close packed sites, as the FCC sites are already occupied by the
initially present oxygen. The Ti2p spectrum shows an increase in intensity between 456 eV
and 459 eV. This is the region that Natu et al. attribute to Ti-(OOF), Ti-(OFF) and Ti-(FFF) bonds.
However, since the reoccupation with fluorine can be ruled out due to the absence of fluorine
during oxygen exposure, the increase in intensity in this region must have a different origin.
This emphasizes that the unambiguous fitting of the Ti2p core level of TizCa-Tx remains
challenging. Part of the intensity increase around 459 eV can likely be ascribed to the
beginning of TiO, formation, as also observed by Persson et al., only for higher temperatures
during oxygen exposure.>® The origin of the intensity increase at lower binding energies (456-
458 eV) remains unclear and requires complementary measurements to be unambiguously
identified. The work function increases again, but only back to 4.65 eV, which is far from the
theoretically predicted value of more than 6 eV. The question arises: Why is there such a large
discrepancy between experiment and theory? The small amount of residual fluorine
termination is very likely not the case, as Vito et al. explicitly calculated the work function for
mixed terminations and obtained a value of close to 6 eV for our surface termination
composition (6% fluorine, 94% oxygen).?* Taking the average of the work function values of
the purely terminated surfaces predicted by Khazaei et al. yields the same result.’® The
beginning formation of TiO; is likely not the reason as well, as this contribution is too small
(<7%) to significantly contribute to the average work function measured by UPS for
multicomponent surfaces.®? Typical work functions for TiO, are around 4 eV, which would
result in an average work function of ®,,=0.07-4 eV +0.93:6 eV=5.86 eV, much higher than
observed here. One potential explanation for the difference between experiment and
calculations could be different absorption sites present in experiment and assumed in theory.
While density functional theory (DFT) calculations assume one single termination site,'>?* we
find that oxygen adsorbs on multiple sites. We demonstrated before that the use of real
surface termination compositions in DFT calculations leads to work function values much
closer to experiment compared to averaged work function values of purely terminated
surfaces, due to the electronic interplay between the different termination types and sites.??
We therefore suggest that theoretical calculations should consider the actual surface
composition and adsorption sites to get more realistic work function values. Furthermore, a
recent theoretical study by Bjork and Rosen suggested a way of fully removing termination
groups of MXenes by annealing in H, atmosphere and the possibilities of termination with
other terminal groups, demonstrating the potential for further experimental work beyond the
scope of this study.5* Lastly, the stability of these emerging structures as the Ti3sC,-Tx and the
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organic molecules are exposed to ambient conditions remains to be investigated, but is
beyond the scope of this work.
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Figure 6: XPS and UPS results of TisC>-Tx annealed at 350 °C (black), 750°C (red) and after
subsequent oxygen exposure at 2 mbar and 100 °C (blue). a) F1s core level spectra, b) Ols
core level spectra, c) Ti2p core level spectra and d) secondary electron cut-off spectra. Spectra
are vertically offset for clarity.

Conclusion

We first investigated the work function change of TisC,-Tx MXene upon deposition of (metal-
)Jorganic semiconductor molecules. Using the wide bandgap organic semiconductor CBP we
found that only a small surface electron push-back effect is observed for TizC,-Ty, in line with
the fact that its work function is strongly determined by the dipoles formed by the surface
termination groups, which have a rather rigid electron density. Using the electron
donor/acceptor molecules ([RuCp*Mes], and FeTCNNQ we were able to tune the work
function of TisC,-Tx within the remarkable range of 2.44-5.69 eV. Applying these molecules as
interlayers to the subsequently deposited organic semiconductor OMP we were able to
demonstrate achieving both minimal hole and minimal electron injection barriers. We predict
that this should be achievable for organic semiconductors with ionization energies (electron
affinities) as high (low) as about 6.0 eV (2.1 eV), which is highly attractive for numerous device
applications where Ohmic contacts to organic semiconductors are needed. Furthermore, we
showed that predominantly oxygen-terminated TizC;-Ox does not exhibit an extraordinarily
high work function, in contrast to theoretical predictions. Overall, our findings will help to
improve charge injection/extraction barriers in devices where TizC,-Tx is used as an electrode,
and we encourage the exploration of alternative routes for work function tuning of TizC,-Tx
(and other MXenes), beyond surface termination modifications only.
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Methods
Sample preparation

MXene and MAX phases were synthesized according to our previous work.®> Free-standing
MXene films were prepared by vacuum-assisted filtration(Celgard®, 3501) 2 ml of the aqueous
colloidal solution (1 mg mL?). The samples were dried under reduced pressure (10 mbar) at
110 °C for 12 h and afterwards only exposed to inert atmospheres (N, Ar).

With a short air exposure (<5 min) the MXene samples were introduced into a preparation
chamber (base pressure 10° mbar) and initially annealed at =350 °C for half an hour to remove
surface adsorbates. To remove fluorine, the samples were annealed at =750 °C for one hour.
Oxygen exposure took place in a load lock (base pressure 10® mbar) at an oxygen partial
pressure of 2 mbar for one hour, while the sample was illuminated with a halogen lamp to
heat it up to =100 °C.

4,4'-bis(N-carbazolyl)-1,1'-biphenyl (CBP) was purchased from Sigma-Aldrich and 1,3,4,5,7,8-
hexafluoro-11,11,12,12-tetracyanonaphtho-2,6-quinodimethane (FeTCNNQ) was purchased
from Novaled. (pentamethylcyclopentadienyl)(1,3,5-trimethylbenzene)ruthenium dimer
([RuCp*Mes]z) were synthesized as described elsewhere,®® and 1,1,2,2,7,7,8,8-octamethyl-
1,2,7,8-tetrahydrodicyclopenta[cd,/m]perylene (OMP) was synthesized as described in detail
in the Supporting Information, section S3. All molecules were evaporated in the preparation
chamber from resistively heated quartz crucibles. The nominal deposition rates were
determined by a quartz crystal microbalance, assuming a density of 1.3 g/cm?3, and were about
0.3-1 A/min for CBP and the donor/acceptor molecules and about 1 nm/min for the OMP
molecules.

Photoelectron spectroscopy

The photoelectron spectroscopy measurements were conducted at the ENERGIZE endstation
at Bessy Il. The base pressure in the analysis chamber was 2:1071° mbar. A DA30L analyzer from
ScientaOmicron was used to detect the kinetic energy of the electrons, with a pass energy of
50 eV for X-ray photoelectron spectroscopy (XPS) measurements, a pass energy of 5 eV for
the ultraviolet photoelectron spectroscopy (UPS) measurements of the valence band and a
pass energy of 2 eV for the secondary electron cut-off (SECO) measurements. An achromatic
DAR400 X-ray source from ScientaOmicron with an aluminum anode (hv=1486.6 eV) was used
for excitation during XPS measurements and the He | excitation of an achromatic HIS13 He
discharge lamp from ScientaOmicron was used during UPS measurements. This yields
resolutions of 0.9 eV for XPS and 0.07 eV for UPS, respectively. A bias of -10V was applied to
the sample during SECO measurements. The binding energy scale was calibrated by setting
the center of the Fermi-edge of the TisC>-Tx samples to 0 eV binding energy. XPS core levels
were fitted using CasaXPS,%” applying an iterative Shirley-background. All peak fitting
parameters are listed in the Supporting Information section S5.
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