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ABSTRACT: Interface dipoles formed at an electrolyte/electrode
interface have been widely studied and interpreted using the “double
dipole step” model, where the dipole vector is determined by the size
and/or range of motion of the charged ions. Some electron transport
materials (ETMs) with lone pairs of electrons on heteroatoms exhibit a
similar interfacial behavior. However, the origin of the dipoles in such
materials has not yet been explored in great depth. Herein, we
systematically investigate the influence of the lone pair of electrons on
the interface dipole through three pyridine derivatives B2−B4PyMPM.
Experiments show that different positions of nitrogen atoms in the three
materials give rise to different hydrogen bonds and molecular
orientations, thereby affecting the areal density and direction of the lone pair of electrons. The interface dipoles of the three
materials predicted by the “double dipole step” model are in good agreement with the ultraviolet photoelectron spectroscopy results
both in spin-coated and vacuum-deposited films. These findings help to better understand the ETMs/electrode interfacial behaviors
and provide new guidelines for the molecular design of the interlayer.
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■ INTRODUCTION

Interfacial engineering plays a crucial role in developing
efficient and stable organic-based (opto-)electronic devices
such as light-emitting diodes and photovoltaic cells.1−3 In a
multilayer stacked device, the organic/electrode interfaces
mainly control the injection or extraction of the charge carriers.
Due to mismatch between the lowest unoccupied molecular
orbital of organic semiconductors (OSCs) and the work
function of stable cathodes, and the generally inferior electron
transport properties of OSCs, the organic/cathode interface
attracts significant attention.4,5 Incorporating a dipole layer at
the electrode interface is a common strategy to achieve Ohmic
contacts and minimize the potential barrier. Inorganic salts,
such as LiF, CaF2, and Cs2CO3, have been extensively used as a
dipole layer and show excellent electron-injection proper-
ties.6−8 However, considering the high diffusivity of these salts
that result in exciton annihilation and poor stability and their
limited applications in inverted and flexible devices, several
promising organic compounds have been introduced as
interlayers that exhibit excellent performance comparable to
the inorganic salts, such as small-molecule electron transport
materials (ETMs) bathophenanthroline (BPhen), bathocu-
proine (BCP), polymers polyethyleneimine, poly[(9,9-bis(3′-
(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioc-
tyl-fluorene)], and some of their polyelectrolyte deriva-
tives.9−15

After modification with such materials, an interface dipole
will form and decrease the work function of the cathode
electrode. Some of these interfaces have been investigated in
detail and described using the “double dipole step” model, that
is, two electric dipoles with the same normal vector created by
the separated positively and negatively charged species on the
interlayer side and their image charges on the electrode
side.16−19 The direction of the dipole depends on the size and/
or range of motion of the two types of charged species. The
mechanism is easy to understand for electrolytes, where both
the free and covalently bonded ions can act as the charged
species. For polymers and small-molecule ETMs without
charged ions, however, the charged species consist of
heteroatoms with a lone pair of electrons.17,18 Although all
the surface analytical results are in good agreement with the
double dipole step model, there is still a lack of detailed results
on the origin of the dipole. It can be reasonably inferred from
the model that the magnitude of the interface dipole is
dependent on the distance and areal density of the positively
and negatively charged species in the vertical direction at
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equilibrium. In this context, one can adjust the dipole through
altering the molecular orientation and/or the number of lone
pairs in the molecule.
The pyridine derivatives BPyMPM are a series of commonly

used ETMs in organic light-emitting diodes and solar cells.20,21

Each molecule contains four pyridine substituents, in which N
atoms with high electronegativity feature an in-plane lone pair
of electrons on the sp2 orbital. By comparing with the molecule
BPhen,18 we believe that BPyMPM should produce a similar
interface dipole in contact with the electrode. In addition, for
the vacuum-deposited films, it has been demonstrated that the
molecular planes of B3PyMPM and B4PyMPM are oriented
nearly parallel to the substrate surface due to the formation of
intermolecular C−H···N hydrogen bonds in the films that
facilitate molecular stacking. However, it is difficult to form
intermolecular hydrogen bonds in the B2PyMPM film because
the nitrogen atoms in the pyridine rings are located inside of
the molecule, and the molecular orientations in the film are
random.21,22 Accordingly, the areal density and direction of the
lone pairs in the films are different between B2PyMPM and
B3−B4PyMPM and the magnitude of the dipoles hence should
also be different. In this work, we explore the intermolecular
hydrogen bonding and molecular orientation of the B2PyMPM
and B3−B4PyMPM films and their effect on interface double-
dipole formation. Combined with the reported theoretical
simulations and comparison between spin-coated and vacuum-
deposited films, the BPyMPM ETMs are systematically
investigated.

■ EXPERIMENTAL DETAILS
Materials and Sample Preparation. Bis-4,6-(3,5-dipyridylphen-

yl)-2-methylpyrimidine (BPyMPM) derivatives are purchased from
Lumtec. Corp. with purity higher than 99% and used as received. The
conducting substrates used in the study span a wide range of work
function from aluminum (Φ = 3.8 eV) to UVO-treated gold (Φ = 5.7
eV). The ZnO and PEDOT:PSS substrates are achieved by spin-
coating the corresponding solutions onto the indium tin oxide (ITO)-
covered glass and annealing at 125 °C. Quartz and CaF2 substrates are
used for the UV−vis and Fourier-transform infrared spectroscopy
(FTIR) measurements, respectively. Before the deposition of films, all

substrates are cleaned in ultrasonic baths of deionized water, acetone,
and isopropanol for 15 min, respectively. The spin-coated films are
made from chloroform solution in the atmosphere with a
concentration of 5.0 mg mL−1 for B2−B3PyMPM and 2.5 mg
mL−1 for B4PyMPM. The thickness of all films is maintained around
10−15 nm through changing the rotation speed. The vacuum-
deposited films are fabricated in a vacuum sublimation chamber with
a pressure below 5 × 10−7 mbar, and the deposition rate is around
0.02−0.04 nm s−1. After preparation, the films are taken out for
photoelectron spectroscopy or other characterizations.

Thin Film Characterization. The film thickness is measured
using a Dektak surface profilometer. UV−vis absorption spectra are
measured with PerkinElmer Lambda 900. The FTIR spectra are
measured with a Bruker Equinox 55 spectrometer in transmission
mode. Ultraviolet photoelectron spectroscopy (UPS) experiments are
performed on a home-designed spectrometer using monochromatized
He I radiation with an excitation energy of 21.22 eV. X-ray
photoelectron spectroscopy (XPS) is carried out using the Scienta-
200 hemispherical analyzer using monochromatized Al Kα radiation
of 1486.6 eV energy. All photoelectron spectroscopy measurements
were carried out with a base pressure lower than 1 × 10−9 mbar. Near
edge X-ray adsorption fine structure spectroscopy (NEXAFS) is
carried out at the FlexPES beamline of the 1.5 GeV storage ring in the
MAX IV laboratory, Sweden. The spectra are collected in partial
electron mode with a multichanneltron plate detector with different
retard voltages for selected elements.

■ RESULTS AND DISCUSSION

First, we study the modification of work function induced by
these three materials. Figure 1a−c displays the dependence of
the work function of BPyMPM (Φsub/org) spin-coated onto
various conducting substrates (Φsub). All results are derived
from the secondary electron cutoff of the UPS spectra. Unlike
BCP and BPhen,18,23 these three materials show negative
dipoles of different sizes, depending on the type of substrate
applied. The ultrawide bandgap of the materials covers the
work function of the substrates used (see Figure S1), so the
UPS results obtained here are located in the vacuum level
alignment regime and any change in work function is not
caused by integer charge transfer.24,25

Figure 1. (a−c) Dependence of work function (Φsub/org) of spin-coated films on the substrate with different work functions (Φsub): (a) B2PyMPM;
(b) B3PyMPM; and (c) B4PyMPM. Comparison of (d) interface dipoles (ΔΦ) and (e) ionization potentials between B2−B4PyMPM, ΔΦ =
Φsub/org − Φsub. (f) Evolution of work function upon increasing the thickness of BPyMPM films vacuum-deposited on Si/SiOx.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c13172
ACS Appl. Mater. Interfaces 2021, 13, 47218−47225

47219

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13172/suppl_file/am1c13172_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13172?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13172?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13172?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13172?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c13172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The interface dipoles (ΔΦ) derived from the change of
work function are summarized in Figure 1d. We find that the
interface dipoles of the three materials exhibit an identical
variation tendency on all substrates: ΔΦB2 > ΔΦB3 > ΔΦB4. In
detail, B2PyMPM shows the largest interface dipole on all
substrates, which means the work function of the substrate will
be minimized by B2PyMPM. In particular, the interface dipole
reaches −0.9 eV when it is deposited on PEDOT:PSS. B3 and
B4PyMPM have smaller interface dipoles compared to
B2PyMPM. Especially the latter, the work function remains
fairly unchanged after depositing B4PyMPM on Al/AlOx,
ZnO, ITO, and Au. When comparing spin-coated films on
different substrates, we find that the decrease in work function
is negligible when the three materials are deposited on ITO
and ZnO. Therefore, these materials are unsuitable for use as a
cathode interlayer in inverted devices with ITO or ITO/ZnO
as the bottom electrode. Surprisingly, when the films are
prepared using the thermal sublimation method, the interfacial
behavior is rather different. As shown in Figure S2, the
interface dipoles produced by the three materials are roughly
the same on a specific substrate. They all show the smallest
interface dipoles on ZnO and the largest interface dipoles on
Si/SiOx, PEDOT:PSS, and UVO-Au, which are also observed
in the spin-coating results.
The ionization potentials (IPs) derived from the UPS

spectra are presented in Figure 1e. Each material has a quite
stable value and the respective IP is almost independent of the
substrate. The average IPs of the spin-coated B2−B4PyMPM
films are 6.56, 6.95, and 7.47 eV, respectively, wherein the first
two are in accordance with the sublimation results (see Figure
S3). However, the B4PyMPM films prepared using the
sublimation method have a lower IP of 7.32 eV, which is
also consistent with the previous report.20 The optical band
gaps derived from the UV−vis absorption spectrum of the two
types of B4PyMPM films are identical, as shown in Figure S4,
indicating the electron affinity changes along with IP. B2 and
B3PyMPM are included for comparison, which also show the
same absorption between two preparation methods.
To elucidate the formation of the interface dipole, the

thickness dependence of work function is studied by UPS
characterization. Here, we only measure the sublimated films
because it is difficult to prepare the ultrathin films, for example,
monolayer and bilayer, using the spin-coating method. The
preparation method likely changes the morphology, resulting
in different sizes of the interface dipole, but the nature of the
dipole should be inherent and independent of the deposition
method. The work functions derived from the UPS spectra of

the three materials deposited on Si/SiOx step-by-step are
shown in Figure 1f (for more details, see Figure S5). As
expected, we observe that the work functions all drop sharply
after depositing 0.5 nm-thick films and remain roughly
constant with the further increase of thickness with a slight
fluctuation in B3PyMPM when the thickness increases to 2.0
nm. This result reveals that the interface dipoles are mainly
located in the first monolayer of the films, in accord with the
double dipole step model. The position of the N atoms in the
pyridine rings, which is the only difference between the three
materials, causes the change of the interface dipole. The
formation of the double dipole step is attributed to the N
atoms with lone pairs of electrons close to the substrate
surface. One dipole moment formed by the N nuclei and the
lone pairs points from the substrate surface to the organic film
and the other one formed by their image charges shows the
same direction.16,18 The N atoms far away from the substrate
contribute little to the interface dipole.
According to the model, the magnitude of the dipole is

dependent on the areal density and direction of the lone pairs
on the substrate surface. Any intra- or intermolecular
interactions involving the lone pair of electrons and affecting
the molecular orientation should be taken into account. To
figure out the difference in the dipole formation of the three
materials, FTIR measurements are carried out, first on the
spin-coated films. Instead of directly looking at the bonding of
N atoms, we focus on the absorption of C−H vibrations. As
shown in Figure 2, the spectra around 3000 cm−1 arising from
the aromatic C−H stretching mode are significantly different
for the three materials. According to the theoretical
predictions,26,27 the blue shift of the main peaks in B3 and
B4PyMPM is attributed to the formation of intermolecular
hydrogen bonds (C−H···N). The same results are also
observed in the vacuum-deposited films as shown in Figure
S6 as also reported by Yokoyama et al.21 From the density-
functional theory simulations in that report, the main peak is
assigned to the C−H vibrational mode at the ortho-position of
the pyridine rings, as shown in Figure 2b. The weak hydrogen
bond has been intensively studied through other similar
oligopyridine derivatives and the experimental results are in
good agreement with the theoretical calculations.22,28,29 The
formation of hydrogen bonds occupies a part of lone pairs of
electrons, reducing the number of charged species capable of
generating a double dipole step. Accordingly, the slight
increase in the work function of B3PyMPM at 2.0 nm
observed in Figure 1f can be interpreted by the increase in
hydrogen bonds in the first layer with the deposition of the

Figure 2. (a) FTIR spectra of the spin-coated films of B2−B4PyMPM. The blue shift of the main bands in B3 and B4PyMPM is marked by arrows.
(b) Examples of intermolecular hydrogen bonds formed in B3 and B4PyMPM films.
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later molecules. This is also consistent with the more ratios of
CN carbons in a 1.2 nm-thick film derived from XPS spectra
compared to the 15 nm-thick film and spin-coated film, as
shown in Figure S7. There are fewer hydrogen bonds in the
B2PyMPM film due to the greater steric hindrance when the N
atoms are located inside of the molecule. Therefore, the
interface dipoles of B3 and B4PyMPM should be smaller than
that of B2PyMPM, in conformity to the UPS results of the
spin-coated films.
To further confirm the formation of a hydrogen bond in

these films, the core level of carbon and nitrogen is investigated
by XPS measurement. It has been demonstrated that typical H-
bonding interactions affect the local electronic state of the
hydrogen bond donor and acceptor atoms, for example, N, O,
F, and so forth.30−32 The C 1s spectra of the spin-coated films
with a simple curve fitting are shown in Figure 3a. We can
easily find that the C 1s spectrum of B2PyMPM is composed
of two peaks, one with a higher intensity at 284.87 eV and the
other with a lower intensity at 285.93 eV (see Table 1).
Although there are a dozen types of carbon atoms theoretically
in a molecule,33 the two peaks are roughly assigned to the C
atoms that are not directly attached (CC) and attached

(CN) to the N atom, corresponding to the atoms marked in
green and blue, respectively, in Figure 3e. This is because the
ortho C atoms are susceptible to the electronegative N atom
and become electron deficient. The area ratio of the two peaks
is 2.33:1, fitting neatly into the stoichiometric ratio (26 CC
carbon atoms and 11 CN carbon atoms in one molecule).
The C 1s spectra of B3 and B4PyMPM are aligned to the
B2PyMPM spectrum, where we still observe the CC and
CN features at the same binding energy (BE) (see Table 1).
However, the relative intensity of the CN peak is reduced,
and a new feature appears between the original two peaks.
From the proportion of the new feature, we can infer that it is
produced by a part of the CN carbon atoms shifting to lower
BE (see the atoms marked in yellow in Figure 3e). The shift of
∼0.5−0.7 eV is reasonable for weak hydrogen bonding C−H···
N and in good agreement with previous reports.34 Figure 3b
shows the aligned N 1s spectra of the three materials. Their
symmetric curves reveal that no new nitrogen is produced by
hydrogen bonding in B3 and B4PyMPM, manifesting that
hydrogen bonding has little effect on the electronic charge of
the acceptor atoms, which has also been observed in some
other materials.34−36

The difference in core levels of the three materials is verified
by the NEXAFS spectroscopy, which provides fingerprints for
identifying chemical structures. Figure 3c,d shows the carbon
and nitrogen K-edge NEXAFS spectra of the spin-coated films
on Si/SiOx. From the C K-edge spectrum of B2PyMPM, two
prominent splitting peaks are observed at 285.0 and 285.7 eV,
stemming from the unsaturated C 1s → π* transitions.
According to the theoretical study of the NEXAFS of pyridine
and pyrimidine,37−39 the lower energy peak is attributed to the
CC carbon atoms and the higher energy peak is attributed
to the CN carbon atoms (see Figure 3e), which are in line
with the XPS fitting results. We can also find two dominant
peaks in the same region of B3 and B4PyMPM, due to the
higher resolution of the NEXAFS as compared to the C 1s XPS

Figure 3. (a) C 1s and (b) N 1s XPS spectra of spin-coated films on ITO. The spectra of B3 and B4PyMPM are aligned to that of B2PyMPM. (c)
C K-edge and (d) N K-edge NEXAFS spectra of spin-coated films. (e) Three types of carbon in the H-bonded B4PyMPM dimer correspond to C
with different core levels.

Table 1. C 1s Peak Fitting Parameters of the Spin-Coated
Films Including BE, Area Ratio, and Full Width at Half-
Maximum (fwhm)

states BE (eV) fwhm (eV) ratio (%)

B2PyMPM CC 284.87 1.10 69.9
CN 285.93 1.10 30.1

B3PyMPM CC 284.83 1.10 69.9
CN 285.93 1.10 11.2
C−H···N 285.08 1.04 18.9

B4PyMPM CC 284.86 1.13 69.4
CN 285.98 1.12 11.8
C−H···N 285.45 1.04 18.8
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spectra. However, they are much closer than the case of
B2PyMPM. When the left peaks from CC 1s → π*
transitions are aligned, the right ones shift by 0.30 and 0.25 eV
toward lower energy for B3 and B4PyMPM, respectively. Like
XPS, this shift is caused by a part of H-bonded CN carbons
with increased electron density as the donor of hydrogen
bonds. The N 1s NEXAFS spectra of the three materials
exhibit the characteristic features of pyridine and pyrimidine
with a dominant peak at ca. 398.8 eV, arising from the N 1s →
π* transition. We also perform the XPS and NEXAFS
measurements for the vacuum-deposited films (Figure S8
and Table S1), which show the same results as the spin-coated
ones.
The blue shift of the C−H vibrational frequency and the

decreased BE of the CN carbon core level firmly
demonstrate the presence of hydrogen bonds in B3 and
B4PyMPM films, which results in the smaller interface dipoles.
However, we cannot yet compare the dipoles between B3 and
B4PyMPM through the H-bonding effect. It has been reported
that the weak hydrogen bonds in planar molecules not only
restrict the molecular freedom thereby achieving a more planar
structure, but also facilitate the formation of continuous H-
bonding networks with special orientations.28,40−42 The optical
anisotropies of B3 and B4PyMPM films suggest they prefer to
be face-on oriented in the vacuum-deposited film.21 Due to the
in-plane property of the sp2 orbital, the direction of the lone
pairs is determined by the orientation of the pyridine rings.
Therefore, the measurement of molecular arrangement will
help to further analyze the interface dipoles of the three
materials.
NEXAFS spectroscopy provides an effective way to study

the molecular orientation through the final state of the X-ray
excitation, such as π* and σ*.43 The π* resonance intensity (I)
is proportional to the squared dot product of the incident
electrical field vector and the transition dipole moment
(TDM). For a given linearly p-polarized light and molecule,
the intensity depends only on the incident angle (θ) and the
tilt angle (α), where θ refers to the angle between the surface
normal and the electric field vector of the light and α is the
angle of the TDM relative to the surface normal. To quantify

the molecular orientation, a dichroic ratio expressed by R =
(I90° − I0°)/(I90° + I0°) is introduced, where I90° and I0° are the
intensities at the incident angles of 90 and 0°, respectively.44

Due to the TDM of the π* orbital is oriented perpendicular to
the conjugated plane, R varies from −1 for a fully face-on
orientation to 0.7 for a fully edge-on orientation. R = 0
represents the magic angle (α = 54.7°) or completely random
orientation. The NEXAFS spectra measured from θ = 20 to
90° and the calculated R values are presented in Figure 4.
Three materials exhibit rather different molecular orientations
in the films. The molecular plane of B2PyMPM shows an
insignificant face-on orientation with R = −0.11 derived both
from the C and N NEXAFS spectra, corresponding to a tilt
angle of α = 52.2°. Because it is implausible to prepare a highly
ordered film using the spin-coating method to form a magic
angle arrangement, R = 0.01 for B3PyMPM indicates the film
is completely random. In contrast, the π* intensity of
B4PyMPM decreases significantly with increasing incident
angle, showing a preferential face-on orientation to the
substrate with R = −0.26 and α = 49.9°. The more horizontal
molecular plane reduces the dipole moment formed by the
nitrogen nucleus and lone pair in the normal direction of the
substrate. As a result, the interface dipole of B4PyMPM is
decreased further compared to that of B3PyMPM.
This result is different from the reported optical anisotropies

of the vacuum-deposited films, which display both B3 and
B4PyMPM are preferential face-on oriented derived from the
anisotropy of the transition dipole moments and molecular
polarizabilities.21 Here, we also investigate the orientations of
the vacuum-deposited thin films with a thickness of 1.2 nm and
the results are shown in Figure S9. Compared to the spin-
coated films, B2PyMPM converts to a more edge-on
orientation (i.e., increased tilt angle of the molecular plane
from the substrate), while both B3 and B4PyMPM exhibit
clear face-on orientation. Schematic diagrams for the molecular
orientation of all films are given in Figure S10. The similar H-
bonding effect and face-on orientation of B3 and B4PyMPM
result in the similar interface dipoles in the vacuum-deposited
films. Because the N atoms are located inside the B2PyMPM
molecule, the lone pairs of electrons are unable to move close

Figure 4. Angle-resolved NEXAFS spectra of carbon (a,c,e) and nitrogen (b,d,f) by varying incident angles from 20 to 90° measured from vacuum-
deposited films. The insets show the dichroic ratio R calculated from the fitting results. Note that the thickness of all films is around 10−15 nm.
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to the substrate in an edge-on molecule, as shown in Figure
S11. Conversely, the most stable conformation formed by the
pyridine ring with a certain rotation angle allows the lone pair
to contact the substrate. As a result, the interface dipole of
B2PyMPM is reduced to the same level as that of B3 and
B4PyMPM in the vacuum-deposited films. This is also the
main reason that the interface dipole of B2PyMPM is much
smaller than those of BPhen (−1.4 eV) and BCP (−1.6
eV),18,23 even though the former is less affected by the
hydrogen bonding.

■ CONCLUSIONS

To figure out the origin of the dipole formed at the ETM/
electrode interface, we investigate the influence of the number
and orientation of the lone pair of electrons through a series of
pyridine derivatives, BPyMPM. The interface dipoles measured
by UPS show a uniform trend for the films spin-coated on
various conducting substrates: ΔΦB2 > ΔΦB3 > ΔΦB4, whereas
the vacuum-deposited films show similar interface dipoles for
all three materials. Through the C−H stretching vibration and
carbon core-level analysis, we confirm the presence of weak
hydrogen bonds C−H···N both in the spin-coated and
vacuum-deposited B3 and B4PyMPM films, which will occupy
a part of lone pairs of electrons. From the angle-resolved
NEXAFS spectra, the preferential face-on orientation makes
the interface dipole of B4PyMPM smaller than that of
B3PyMPM in the spin-coated films. B2PyMPM has the largest
areal density of lone electron pairs and optimal orientation,
enabling it to achieve the largest interface dipole. However, in
the vacuum-deposited films, the edge-on orientation of
B2PyMPM prevents the lone electron pairs to move closer
to the substrate, and B3PyMPM has the same face-on
orientation as B4PyMPM, resulting in the similar interface
dipoles for all of them. These results indicate that the interface
dipole formed by ETMs can be accurately explained using the
“double dipole step” model, that is, the nuclei and lone
electron pairs of the heteroatoms contribute to the interface
dipole.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c13172.

Chemical structures; interfacial behaviors of vacuum-
deposited films; comparison of the UV−vis spectra
between spin-coated and vacuum-deposited films; thick-
ness dependence of UPS spectra, FTIR, XPS, and
NEXAFS spectra of the vacuum-deposited films; C 1s
peak-fitting parameters; schematics of the molecular
orientations; and contact of B2PyMPM molecules with
substrates (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Yongzhen Chen − Laboratory of Organic Electronics,
Department of Science and Technology, Linköping University,
60174 Norrköping, Sweden; orcid.org/0000-0002-2372-
4007; Email: yongzhen.chen@liu.se

Authors
Xianjie Liu − Laboratory of Organic Electronics, Department
of Science and Technology, Linköping University, 60174
Norrköping, Sweden; orcid.org/0000-0002-3190-2774

Slawomir Braun − Laboratory of Organic Electronics,
Department of Science and Technology, Linköping
University, 60174 Norrköping, Sweden

Mats Fahlman − Laboratory of Organic Electronics,
Department of Science and Technology, Linköping
University, 60174 Norrköping, Sweden; orcid.org/0000-
0001-9879-3915

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.1c13172

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank the financial support from the Swedish
Research Council (project grants no. 2016-05498, 2016-05990,
and 2020-04538), the Swedish Government Strategic Research
Area in Materials Science on Functional Materials at Linköping
University (Faculty Grant SFO Mat LiU no. 2009 00971), and
from the Open Fund of the State Key Laboratory of
Luminescent Materials and Devices (South China University
of Technology).

■ REFERENCES
(1) Li, P.; Lu, Z.-H. Interface Engineering in Organic Electronics:
Energy-Level Alignment and Charge Transport. Small Sci 2020, 1,
2000015.
(2) Fahlman, M.; Fabiano, S.; Gueskine, V.; Simon, D.; Berggren,
M.; Crispin, X. Interfaces in Organic Electronics. Nat. Rev. Mater.
2019, 4, 627−650.
(3) Chen, Q.; Wang, C.; Li, Y.; Chen, L. Interfacial Dipole in
Organic and Perovskite Solar Cells. J. Am. Chem. Soc. 2020, 142,
18281−18292.
(4) Kulkarni, A. P.; Tonzola, C. J.; Babel, A.; Jenekhe, S. A. Electron
Transport Materials for Organic Light-Emitting Diodes. Chem. Mater.
2004, 16, 4556−4573.
(5) Zhao, X.; Zhan, X. Electron Transporting Semiconducting
Polymers in Organic Electronics. Chem. Soc. Rev. 2011, 40, 3728−
3743.
(6) Wu, C.-I.; Lin, C.-T.; Chen, Y.-H.; Chen, M.-H.; Lu, Y.-J.; Wu,
C.-C. Electronic Structures and Electron-Injection Mechanisms of
Cesium-Carbonate-Incorporated Cathode Structures for Organic
Light-Emitting Devices. Appl. Phys. Lett. 2006, 88, 152104.
(7) Schlaf, R.; Parkinson, B. A.; Lee, P. A.; Nebesny, K. W.; Jabbour,
G.; Kippelen, B.; Peyghambarian, N.; Armstrong, N. R. Photo-
emission Spectroscopy of LiF Coated Al and Pt Electrodes. J. Appl.
Phys. 1998, 84, 6729−6736.
(8) Lee, J.; Park, Y.; Kim, D. Y. Photoelectron Spectroscopy Studies
on the Electronic Structures of Al/RbF and Al/CaF2 Cathodes for 8-
Hydroxyquinoline Aluminium-Based Organic Light-Emitting Devices.
J. Phys. D: Appl. Phys. 2002, 35, 3171−3175.
(9) Huang, F.; Wu, H.; Wang, D.; Yang, W.; Cao, Y. Novel
Electroluminescent Conjugated Polyelectrolytes Based on Polyfluor-
ene. Chem. Mater. 2004, 16, 708−716.
(10) Zhou, Y.; Fuentes-Hernandez, C.; Shim, J.; Meyer, J.;
Giordano, A. J.; Li, H.; Winget, P.; Papadopoulos, T.; Cheun, H.;
Kim, J.; Fenoll, M.; Dindar, A.; Haske, W.; Najafabadi, E.; Khan, T.
M.; Sojoudi, H.; Barlow, S.; Graham, S.; Brédas, J.-L.; Marder, S. R.;
Kahn, A.; Kippelen, B. A Universal Method to Produce Low-Work
Function Electrodes for Organic Electronics. Science 2012, 336, 327−
332.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c13172
ACS Appl. Mater. Interfaces 2021, 13, 47218−47225

47223

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13172/suppl_file/am1c13172_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13172/suppl_file/am1c13172_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c13172?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c13172/suppl_file/am1c13172_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yongzhen+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2372-4007
https://orcid.org/0000-0002-2372-4007
mailto:yongzhen.chen@liu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianjie+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3190-2774
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Slawomir+Braun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mats+Fahlman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9879-3915
https://orcid.org/0000-0001-9879-3915
https://pubs.acs.org/doi/10.1021/acsami.1c13172?ref=pdf
https://doi.org/10.1002/smsc.202000015
https://doi.org/10.1002/smsc.202000015
https://doi.org/10.1038/s41578-019-0127-y
https://doi.org/10.1021/jacs.0c07439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm049473l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm049473l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0cs00194e
https://doi.org/10.1039/c0cs00194e
https://doi.org/10.1063/1.2192982
https://doi.org/10.1063/1.2192982
https://doi.org/10.1063/1.2192982
https://doi.org/10.1063/1.369000
https://doi.org/10.1063/1.369000
https://doi.org/10.1088/0022-3727/35/24/304
https://doi.org/10.1088/0022-3727/35/24/304
https://doi.org/10.1088/0022-3727/35/24/304
https://doi.org/10.1021/cm034650o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm034650o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm034650o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1218829
https://doi.org/10.1126/science.1218829
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c13172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(11) Islam, A.; Li, J.; Pervaiz, M.; Lu, Z.-H.; Sain, M.; Chen, L.;
Ouyang, X. Zwitterions for Organic/Perovskite Solar Cells, Light-
Emitting Devices, and Lithium Ion Batteries: Recent Progress and
Perspectives. Adv. Energy Mater. 2019, 9, 1803354.
(12) Wu, Y.; Liu, Y.; Emrick, T.; Russell, T. P. Polymer Design to
Promote Low Work Function Surfaces in Organic Electronics. Prog.
Polym. Sci. 2020, 103, 101222.
(13) Fukagawa, H.; Suzuki, K.; Ito, H.; Inagaki, K.; Sasaki, T.; Oono,
T.; Hasegawa, M.; Morii, K.; Shimizu, T. Understanding Coordina-
tion Reaction for Producing Stable Electrode with Various Low Work
Functions. Nat. Commun. 2020, 11, 3700.
(14) Gommans, H.; Verreet, B.; Rand, B. P.; Muller, R.; Poortmans,
J.; Heremans, P.; Genoe, J. On the Role of Bathocuproine in Organic
Photovoltaic Cells. Adv. Funct. Mater. 2008, 18, 3686−3691.
(15) Lee, J.-H.; Wang, P.-S.; Park, H.-D.; Wu, C.-I.; Kim, J.-J. A High
Performance Inverted Organic Light Emitting Diode Using an
Electron Transporting Material with Low Energy Barrier for Electron
Injection. Org. Electron. 2011, 12, 1763−1767.
(16) van Reenen, S.; Kouijzer, S.; Janssen, R. A. J.; Wienk, M. M.;
Kemerink, M. Origin of Work Function Modification by Ionic and
Amine-Based Interface Layers. Adv. Mater. Interfaces 2014, 1,
1400189.
(17) Bao, Q.; Liu, X.; Wang, E.; Fang, J.; Gao, F.; Braun, S.;
Fahlman, M. Regular Energetics at Conjugated Electrolyte/Electrode
Modifier for Organic Electronics and Their Implications on Design
Rules. Adv. Mater. Interfaces 2015, 2, 1500204.
(18) Chen, Y.; Liu, X.; Braun, S.; Wang, Y.; Fahlman, M. Image-
Force Effects on Energy Level Alignment at Electron Transport
Material/Cathode Interfaces. J. Mater. Chem. C 2020, 8, 173−179.
(19) Bao, Q.; Braun, S.; Wang, C.; Liu, X.; Fahlman, M. Interfaces of
(Ultra)Thin Polymer Films in Organic Electronics. Adv. Mater.
Interfaces 2018, 6, 1800897.
(20) Sasabe, H.; Tanaka, D.; Yokoyama, D.; Chiba, T.; Pu, Y.-J.;
Nakayama, K.-i.; Yokoyama, M.; Kido, J. Influence of Substituted
Pyridine Rings on Physical Properties and Electron Mobilities of 2-
Methylpyrimidine Skeleton-Based Electron Transporters. Adv. Funct.
Mater. 2011, 21, 336−342.
(21) Yokoyama, D.; Sasabe, H.; Furukawa, Y.; Adachi, C.; Kido, J.
Molecular Stacking Induced by Intermolecular C-H···N Hydrogen
Bonds Leading to High Carrier Mobility in Vacuum-Deposited
Organic Films. Adv. Funct. Mater. 2011, 21, 1375−1382.
(22) Watanabe, Y.; Yokoyama, D.; Koganezawa, T.; Katagiri, H.; Ito,
T.; Ohisa, S.; Chiba, T.; Sasabe, H.; Kido, J. Control of Molecular
Orientation in Organic Semiconductor Films Using Weak Hydrogen
Bonds. Adv. Mater. 2019, 31, No. e1808300.
(23) Sakurai, T.; Toyoshima, S.; Kitazume, H.; Masuda, S.; Kato, H.;
Akimoto, K. Influence of Gap States on Electrical Properties at
Interface between Bathocuproine and Various Types of Metals. J.
Appl. Phys. 2010, 107, 043707.
(24) Braun, S.; Salaneck, W. R.; Fahlman, M. Energy-Level
Alignment at Organic/Metal and Organic/Organic Interfaces. Adv.
Mater. 2009, 21, 1450−1472.
(25) Bao, Q.; Liu, X.; Braun, S.; Yang, J.; Li, Y.; Tang, J.; Duan, C.;
Fahlman, M. The Effect of Oxygen Uptake on Charge Injection
Barriers in Conjugated Polymer Films. ACS Appl. Mater. Interfaces
2018, 10, 6491−6497.
(26) Hobza, P.; Havlas, Z. Blue-Shifting Hydrogen Bonds. Chem.
Rev. 2000, 100, 4253−4264.
(27) Li, X.; Liu, L.; Schlegel, H. B. On the Physical Origin of Blue-
Shifted Hydrogen Bonds. J. Am. Chem. Soc. 2002, 124, 9639−9647.
(28) Watanabe, Y.; Sasabe, H.; Yokoyama, D.; Beppu, T.; Katagiri,
H.; Kido, J. Synthesis, properties, and OLED characteristics of 2,2′-
bipyridine-based electron-transport materials: the synergistic effect of
molecular shape anisotropy and a weak hydrogen-bonding network on
molecular orientation. J. Mater. Chem. C 2016, 4, 3699−3704.
(29) De Nicola, A.; Correa, A.; Giunchi, A.; Muccioli, L.; D’Avino,
G.; Kido, J.; Milano, G. Bidimensional H-Bond Network Promotes
Structural Order and Electron Transport in BPyMPMs Molecular
Semiconductor. Adv. Theory Simul. 2021, 4, 2000302.

(30) O’Shea, J. N.; Schnadt, J.; Brühwiler, P. A.; Hillesheimer, H.;
Mar̊tensson, N.; Patthey, L.; Krempasky, J.; Wang, C.; Luo, Y.; Ågren,
H. Hydrogen-Bond Induced Surface Core-Level Shift in Isonicotinic
Acid. J. Phys. Chem. B 2001, 105, 1917−1920.
(31) Garcia-Gil, S.; Arnau, A.; Garcia-Lekue, A. Exploring Large O
1s and N 1s Core Level Shifts Due to Intermolecular Hydrogen Bond
Formation in Organic Molecules. Surf. Sci. 2013, 613, 102−107.
(32) Stevens, J. S.; Coultas, S.; Jaye, C.; Fischer, D. A.; Schroeder, S.
L. M. Core level spectroscopies locate hydrogen in the proton transfer
pathwayidentifying quasi-symmetrical hydrogen bonds in the solid
state. Phys. Chem. Chem. Phys. 2020, 22, 4916−4923.
(33) Zhang, T.; Brumboiu, I. E.; Lanzilotto, V.; Grazioli, C.;
Guarnaccio, A.; Johansson, F. O. L.; Coreno, M.; de Simone, M.;
Santagata, A.; Brena, B.; Puglia, C. Electronic Structure Modifications
Induced by Increased Molecular Complexity: From Triphenylamine
to m-MTDATA. Phys. Chem. Chem. Phys. 2019, 21, 17959−17970.
(34) Lanzilotto, V.; Silva, J. L.; Zhang, T.; Stredansky, M.; Grazioli,
C.; Simonov, K.; Giangrisostomi, E.; Ovsyannikov, R.; De Simone,
M.; Coreno, M.; Araujo, C. M.; Brena, B.; Puglia, C. Spectroscopic
Fingerprints of Intermolecular H-Bonding Interactions in Carbon
Nitride Model Compounds. Chem.Eur. J. 2018, 24, 14198−14206.
(35) Stevens, J. S.; Byard, S. J.; Seaton, C. C.; Sadiq, G.; Davey, R. J.;
Schroeder, S. L. M. Crystallography Aided by Atomic Core-Level
Binding Energies: Proton Transfer Versus Hydrogen Bonding in
Organic Crystal Structures. Angew. Chem., Int. Ed. 2011, 50, 9916−
9918.
(36) Stevens, J. S.; Newton, L. K.; Jaye, C.; Muryn, C. A.; Fischer, D.
A.; Schroeder, S. L. M. Proton Transfer, Hydrogen Bonding, and
Disorder: Nitrogen Near-Edge X-ray Absorption Fine Structure and
X-ray Photoelectron Spectroscopy of Bipyridine-Acid Salts and Co-
crystals. Cryst. Growth Des. 2015, 15, 1776−1783.
(37) Baiardi, A.; Mendolicchio, M.; Barone, V.; Fronzoni, G.;
Cardenas Jimenez, G. A.; Stener, M.; Grazioli, C.; de Simone, M.;
Coreno, M. Vibrationally Resolved NEXAFS at C and N K-Edges of
Pyridine, 2-Fluoropyridine and 2,6-Difluoropyridine: A Combined
Experimental and Theoretical Assessment. J. Chem. Phys. 2015, 143,
204102.
(38) Bolognesi, P.; O’Keeffe, P.; Ovcharenko, Y.; Coreno, M.;
Avaldi, L.; Feyer, V.; Plekan, O.; Prince, K. C.; Zhang, W.; Carravetta,
V. Pyrimidine and Halogenated Pyrimidines Near Edge X-Ray
Absorption Fine Structure Spectra at C and N K-Edges: Experiment
and Theory. J. Chem. Phys. 2010, 133, 034302.
(39) Lin, Y.-S.; Lin, H.-R.; Liu, W.-L.; Lee, Y. T.; Tseng, C.-M.; Ni,
C.-K.; Liu, C.-L.; Tsai, C.-C.; Chen, J.-L.; Hu, W.-P. Measurement
and Prediction of the NEXAFS Spectra of Pyrimidine and Purine and
the Dissociation Following the Core Excitation. Chem. Phys. Lett.
2015, 636, 146−153.
(40) Meier, C.; Ziener, U.; Landfester, K.; Weihrich, P. Weak
Hydrogen Bonds as a Structural Motif for Two-Dimensional
Assemblies of Oligopyridines on Highly Oriented Pyrolytic Graphite:
An STM Investigation. J. Phys. Chem. B 2005, 109, 21015−21027.
(41) Meier, C.; Roos, M.; Künzel, D.; Breitruck, A.; Hoster, H. E.;
Landfester, K.; Gross, A.; Behm, R. J.; Ziener, U. Concentration and
Coverage Dependent Adlayer Structures: From Two-Dimensional
Networks to Rotation in a Bearing. J. Phys. Chem. C 2010, 114, 1268−
1277.
(42) Shi, Y.; Wang, K.; Tsuchiya, Y.; Liu, W.; Komino, T.; Fan, X.;
Sun, D.; Dai, G.; Chen, J.; Zhang, M.; Zheng, C.; Xiong, S.; Ou, X.;
Yu, J.; Jie, J.; Lee, C.-S.; Adachi, C.; Zhang, X. Hydrogen Bond-
Modulated Molecular Packing and Its Applications in High-Perform-
ance Non-Doped Organic Electroluminescence. Mater. Horiz. 2020,
7, 2734−2740.
(43) Nahid, M. M.; Gann, E.; Thomsen, L.; McNeill, C. R. NEXAFS
Spectroscopy of Conjugated Polymers. Eur. Polym. J. 2016, 81, 532−
554.
(44) DeLongchamp, D. M.; Vogel, B. M.; Jung, Y.; Gurau, M. C.;
Richter, C. A.; Kirillov, O. A.; Obrzut, J.; Fischer, D. A.; Sambasivan,
S.; Richter, L. J.; Lin, E. K. Variations in Semiconducting Polymer

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c13172
ACS Appl. Mater. Interfaces 2021, 13, 47218−47225

47224

https://doi.org/10.1002/aenm.201803354
https://doi.org/10.1002/aenm.201803354
https://doi.org/10.1002/aenm.201803354
https://doi.org/10.1016/j.progpolymsci.2020.101222
https://doi.org/10.1016/j.progpolymsci.2020.101222
https://doi.org/10.1038/s41467-020-17548-z
https://doi.org/10.1038/s41467-020-17548-z
https://doi.org/10.1038/s41467-020-17548-z
https://doi.org/10.1002/adfm.200800815
https://doi.org/10.1002/adfm.200800815
https://doi.org/10.1016/j.orgel.2011.07.015
https://doi.org/10.1016/j.orgel.2011.07.015
https://doi.org/10.1016/j.orgel.2011.07.015
https://doi.org/10.1016/j.orgel.2011.07.015
https://doi.org/10.1002/admi.201400189
https://doi.org/10.1002/admi.201400189
https://doi.org/10.1002/admi.201500204
https://doi.org/10.1002/admi.201500204
https://doi.org/10.1002/admi.201500204
https://doi.org/10.1039/c9tc05128g
https://doi.org/10.1039/c9tc05128g
https://doi.org/10.1039/c9tc05128g
https://doi.org/10.1002/admi.201800897
https://doi.org/10.1002/admi.201800897
https://doi.org/10.1002/adfm.201001252
https://doi.org/10.1002/adfm.201001252
https://doi.org/10.1002/adfm.201001252
https://doi.org/10.1002/adfm.201001919
https://doi.org/10.1002/adfm.201001919
https://doi.org/10.1002/adfm.201001919
https://doi.org/10.1002/adma.201808300
https://doi.org/10.1002/adma.201808300
https://doi.org/10.1002/adma.201808300
https://doi.org/10.1063/1.3309278
https://doi.org/10.1063/1.3309278
https://doi.org/10.1002/adma.200802893
https://doi.org/10.1002/adma.200802893
https://doi.org/10.1021/acsami.7b17368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b17368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr990050q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020213j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020213j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c5tc03737a
https://doi.org/10.1039/c5tc03737a
https://doi.org/10.1039/c5tc03737a
https://doi.org/10.1039/c5tc03737a
https://doi.org/10.1002/adts.202000302
https://doi.org/10.1002/adts.202000302
https://doi.org/10.1002/adts.202000302
https://doi.org/10.1021/jp003675x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp003675x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.susc.2013.03.017
https://doi.org/10.1016/j.susc.2013.03.017
https://doi.org/10.1016/j.susc.2013.03.017
https://doi.org/10.1039/c9cp05677g
https://doi.org/10.1039/c9cp05677g
https://doi.org/10.1039/c9cp05677g
https://doi.org/10.1039/c9cp02423a
https://doi.org/10.1039/c9cp02423a
https://doi.org/10.1039/c9cp02423a
https://doi.org/10.1002/chem.201802435
https://doi.org/10.1002/chem.201802435
https://doi.org/10.1002/chem.201802435
https://doi.org/10.1002/anie.201103981
https://doi.org/10.1002/anie.201103981
https://doi.org/10.1002/anie.201103981
https://doi.org/10.1021/cg5018278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg5018278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg5018278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cg5018278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4935715
https://doi.org/10.1063/1.4935715
https://doi.org/10.1063/1.4935715
https://doi.org/10.1063/1.3442489
https://doi.org/10.1063/1.3442489
https://doi.org/10.1063/1.3442489
https://doi.org/10.1016/j.cplett.2015.07.033
https://doi.org/10.1016/j.cplett.2015.07.033
https://doi.org/10.1016/j.cplett.2015.07.033
https://doi.org/10.1021/jp054271d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp054271d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp054271d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp054271d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910029z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910029z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp910029z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/d0mh00952k
https://doi.org/10.1039/d0mh00952k
https://doi.org/10.1039/d0mh00952k
https://doi.org/10.1016/j.eurpolymj.2016.01.017
https://doi.org/10.1016/j.eurpolymj.2016.01.017
https://doi.org/10.1021/cm0513637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c13172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Microstructure and Hole Mobility with Spin-Coating Speed. Chem.
Mater. 2005, 17, 5610−5612.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c13172
ACS Appl. Mater. Interfaces 2021, 13, 47218−47225

47225

https://doi.org/10.1021/cm0513637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c13172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

