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Nanoscale Agglomeration Mechanisms of
BF-DPB:BPyMPM Donor–Acceptor Systems for Organic
Optoelectronic Devices

Milena Merkel, Philipp Wiesener, Robert Schmidt, Rishi Shivhare, Nikos Doltsinis,
Rudolf Bratschitsch, Saeed Amirjalayer, Koen Vandewal, and Harry Mönig*

The molecular order of the photo-active molecules in organic solar cells and
exciplex organic light emitting diodes based on donor–acceptor mixed systems
has major influence on the performance. However, it is usually investigated
only by indirect measurements or simulations. Here, low-temperature
scanning probe microscopy is used to directly image the molecular assembly,
intermolecular bonding configuration, and domain interfaces of vacuum-
deposited donor and acceptor molecules BF-DPB and BPyMPM on different
single crystalline substrates with submolecular resolution. It is demonstrated
that the position of the nitrogen atoms in the peripheric pyridine rings
of BPyMPM molecules determines the occurrence of intermolecular C─H…N
hydrogen bonds, metal coordination bonds, and related self-assemblies. Two
dominating self-assembled structures of BF-DPB are found, based either on
its cis or trans configuration. In general a distinct increase in disorder occurs
at the BF-DPB:BPyMPM interface where scanning tunneling spectroscopy
indicate an increase in the HOMO-LUMO gap at disordered agglomerates of
BF-DPB. The crucial effect of the choice of substrate on the molecular order is
illustrated. Photoluminescencemeasurements indicate a considerable increase
in intersystem crossing in BF-DPB due to molecule-substrate interactions.
These findings provide new insights for the targeted molecular design of
active molecules and suitable contact layers in organic optoelectronic devices.

1. Introduction

Minor changes in the molecular structure of the donor or accep-
tor molecules of organic solar cells can lead to major differences
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in solar cell properties.[1,2] The molecular
structure determines the molecular order,
which has a strong influence on light
absorption, mixing of donor and acceptor
materials in the bulk heterojunction, exci-
ton splitting, charge transport efficiency,
and ultimately on the device power con-
version efficiency (PCE).[3–6] For example,
it has been shown in the literature for
various donor and acceptor molecules
that intermolecular hydrogen bonds lead
to self-organized layers and subsequent
stacking of these layers. In the vast majority
of cases, this increased order leads to im-
proved charge transport and higher device
performance.[7] Consequently, molecular
engineering is often used to improve the
molecular order and thus the macroscopic
properties of the solar cell.[8,9] However, the
molecular order is usually only determined
by simulations or indirect measurements,
such as absorption measurements or
grazing-incidence wide-angle X-ray scatter-
ing (GIWAXS).[10,11] Using high-resolution
scanning probe microscopy (SPM) allows
to directly image the molecular order
in real space and to identify intermolecular

order mechanisms and their correlation with the optoelec-
tronic properties. This can help to gain a fundamental un-
derstanding of the relationship between molecular order and
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Figure 1. Chemical structures and device performance data of BF-DPB, B2PyMPM, B3PyMPM and B4PyMPM molecules. The device performance data
are taken from Refs. [10] and [11].

PCE and pave the way for further, knowledge based material
engineering.
Here, we show the potential of scanning tunnelingmicroscopy

(STM) for molecular order determination on the interesting sys-
tem of BF-DPB:BPyMPM donor–acceptor blends. Usually, the
organic semiconductor blends that are best suited for organic
light-emitting diodes (OLEDs) are different from those that are
best suited for organic solar cells (OSCs). Accordingly, the donor–
acceptor combination of BF-DPB and B4PyMPM stands out as
it exhibits both efficient photogeneration of free charge carriers
and a high electroluminescence quantum yield and can therefore
be successfully applied in both OLEDs and OSCs.[12,13] BF-DPB
was originally only used as a hole transport material, but later
also proved to be a highly suitable donor material.[14–17] Due to
the high energy gap of both BF-DPB and B4PyMPM, the cor-
responding OLEDs emit in the visible range, while the corre-
sponding OSCs absorb in the blue to UV range.[17,18] This ab-
sorption range is far from the optimum defined by the Shockley-
Queisser limit, leading to a low short-circuit current density in
BF-DPB:B4PyMPM solar cells.[13] However, BF-DPB:B4PyMPM
blends have potential in building-integrated applications or
multi-junction solar cells.[17,19]

A major disadvantage of organic solar cells compared to their
inorganic counterparts is generally their strong non-radiative
charge-transfer state decay.[12] It is responsible for significant
voltage losses and thus for a low open-circuit voltage (Voc). How-
ever, it has been shown that BF-DPB:B4PyMPM solar cells ex-
hibit voltage losses of only 0.45 eV compared to typical val-
ues of 0.60 eV in organic solar cells.[12] This is due to their
high charge-transfer energy ECT, which reduces the energy cou-
pling to the ground state. Therefore, exceptionally low non-
radiative decay occurs, leading to low voltage losses and a

high Voc in BF-DPB:B4PyMPM solar cells.[12] Furthermore, in
BF-DPB:B4PyMPM devices, the charge transfer states are not
strongly bound, leading to efficient free charge carrier genera-
tion and thus high fill factors (FF).[12] Previous investigations,
in which B4PyMPM is compared with two similar acceptor
molecules, B2PyMPM and B3PyMPM, shed some light on the
structural cause of this low CT binding energy.[10]

The three molecules B2PyMPM, B3PyMPM, and B4PyMPM
have almost the same molecular structure, apart from the
position of the nitrogen atoms in their peripheral pyridine
rings, see Figure 1. However, they differ in their macroscopic
physical properties.[10] B4PyMPM has an electron mobility 10
times higher than B3PyMPM and even 100 times higher than
B2PyMPM. Additionally, solar cells with B4PyMPM as the accep-
tor exhibit a much higher fill factor than those with B3PyMPM
or B2PyMPM as the acceptor. Based on ellipsometry, UV–vis
absorption measurements, X-ray diffraction measurements and
quantum calculations, Yokoyama et al. stated that the molecules
in both B3PyMPM films and B4PyMPM films are mostly
aligned parallel to the substrate, with a face-on orientation.[10]

In B4PyMPM films, this face-on orientation is even stronger
than in B3PyMPM films.[11,20] The reason for the face-on ori-
entation is suggested to be the C─H…N hydrogen bonds be-
tween neighboring molecules that induce the formation of 2D
molecular networks, which then stack on top of each other in
form of molecular planes.[10] This molecular stacking allegedly
induces the high electron mobility in B4PyMPM. Additionally,
the high order could lead to a more delocalized charge-transfer
state. Therefore, its binding energy is lower, which enables more
efficient free charge carrier generation and thus a high FF, espe-
cially in B4PyMPM-based solar cells.[11,18] B2PyMPMmolecules,
on the other hand, cannot form C─H…N hydrogen bonds with
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Figure 2. B4PyMPM and BF-DPB molecules evaporated consecutively on a Au(111) surface. a) Overview STM image of different molecular assemblies
of B4PyMPM and BF-DPB. The rows of the B4PyMPM molecular assembly are indicated by green arrows. b) STM image of a disordered domain of
B4PyMPM. c) Magnified scheme of the molecular assembly in (b). d) STM image of the ordered domain of B4PyMPM. The rows of the molecular
assembly are indicated by green arrows. e) Magnified scheme of the molecular assembly in (d) with C–H…N hydrogen bonds in red. f) STM image of
the BF-DPB cis and trans configuration domains. g) Magnified scheme of the molecular assembly in (f). All STM images were taken with voltage and
tunneling current setpoints of 2.5 V and 10 pA. B4PyMPM was evaporated for 20min, then BF-DPB for 5min.

neighboring molecules due to steric hindrance. Therefore,
B2PyMPM films allegedly remain amorphous with isotropically
oriented molecules, resulting in localized charge-transfer states,
a high CT binding energy and a low FF.[11]

Given that the photon absorption, exciton splitting and charge
transport efficiency of organic solar cells are drastically affected
by the nanoscale configuration of the donor/ acceptor domains
and interfaces, scanning probe microscopy studies can help to
correlate the microscopic structure with the macroscopic device
properties.[21–23] In the present study we use low-temperature
scanning probe microscopy with submolecular resolution to
study the fundamental agglomeration mechanisms and inter-
molecular bonding configurations of the BF-DPB donor and
BPyMPM acceptor molecules under well defined conditions.
We image the 2D molecular assembly of vacuum-deposited BF-
DPB and BPyMPM molecules on single crystalline substrates,
which is determined by a subtle balance between intermolecu-
lar and molecule-substrate interaction. Furthermore, we inves-
tigate the change in molecular order and band gap at the BF-
DPB:B4PyMPM interface as well as the effect of the substrate
on the optical properties of BF-DPB. The corresponding results
can help to obtain more information about desirable properties
for molecules employed in optoelectronic devices.

2. Results and Discussion

2.1. B4PyMPM and BF-DPB on Au(111)

In order to gain insights into the 2D molecular assembly of
B4PyMPM and BF-DPB, the two molecules were deposited on

a clean Au(111) surface by sequential evaporation as well as co-
evaporation under ultra-high vacuum (UHV) and studied using
scanning tunneling microscopy and scanning tunneling spec-
troscopy (STS). In addition, the molecular structures of an addi-
tional second monolayer of B4PyMPM and of a BF-DPB layer on
a monolayer of B4PyMPM were investigated to gain knowledge
about the bulk properties.

2.1.1. Sequential Evaporation

After sequential evaporation of B4PyMPM and BF-DPB, the sub-
sequent STM analysis shows that the twomolecules are adsorbed
on the Au(111) surface, creating amonolayer (ML)made of differ-
ently sized domains of either B4PyMPM or BF-DPB (Figure 2a).
The B4PyMPM molecules form both disordered (Figure 2b,c)

and ordered domains (Figure 2d,e). In the disordered domains
the molecules are randomly oriented, suggesting that only van
der Waals interaction occurs between the individual molecules.
In the ordered domains, however, the molecules are arranged
in rows of two B4PyMPM facing each other, as indicated by the
green arrows in Figure 2a,d. Submolecular analysis shows that
every nitrogen atom in the peripheral pyridine rings is facing
a hydrogen atom in a neighboring molecule. This suggests in-
tramolecular C–H…N hydrogen bonds in addition to the van der
Waals forces. The H…N bond length between the B4PyMPM
molecules is (232 ± 51) pm and therefore lies in the typical
range of hydrogen bond lengths in molecular films on metal
substrates.[24–26] Such a molecular assembly caused by hydrogen
bonds matches previous predictions well.[10]
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Figure 3. Band gap estimation. a)Overview STM image of a BF-DPB self-assembly (highlighted by orange square) and BF-DPB agglomerates (highlighted
by purple squares) next to a B4PyMPM self-assembly. b) Scanning tunneling spectroscopy of a BF-DPB self-assembly and BF-DPB agglomerates. The
individual measurement positions are marked by crosses in the insets. The width of the insets is 10 nm. Dashed aid lines added for band gap estimation.
B4PyMPM was evaporated for 20min, then BF-DPB for 10min.

The BF-DPB molecules adsorb on the Au(111) either in cis or
trans configuration and form larger self-assemblies consisting
exclusively of one of these two configurations (Figure 2f,g). These
self-assemblies make up about 95% of BF-DPB domains and
thus represent the standard morphology. They are determined
by van der Waals interaction between neighboring molecules
and molecule-substrate interactions. In the cis configuration,
the larger side groups are on the same side of the molecule,
whereas in the trans configuration, they are on opposite sides.
The brighter appearance of these side groups in the STM images
indicates that they are tilted out of plane. Both self-assemblies,
the one consisting of molecules in cis configuration and the one
consisting of molecules in trans configuration, exhibit a density
of about 0.4 molecules/nm2 . Self-assemblies made of a combi-
nation of the two configurations are not found, presumably be-
cause they would form less dense layers. Voids are formed at the
interfaces between areas of different configurations, indicating
that the two configurations cannot form a continuous layer to-
gether (Figure 2f).
In addition to ordered self-assemblies, BF-DPBmolecules also

formdisordered agglomerates (Figure 3a). They aremainly found
at interfaces with B4PyMPM and when space is limited. In
these cases, the molecules tilt out of the plane and 3D islands
are formed. Scanning tunneling spectroscopy current–voltage
curves are measured both on these agglomerates and on BF-DPB
molecules in the self-assembled structure. By numerical differen-
tiation of the current–voltage curves, dI/dV curves are obtained
that are proportional to the density of states of the molecules
(Figure 3b). They can therefore be used to estimate the bandgap
of the molecules. For this purpose, the intersection points of the
linear fits of the bandgap and the rising sides of the curve cor-
responding to the HOMO and the LUMO are determined. The
agglomerated BF-DPB molecules have an approximately 0.3 eV
higher bandgap than the BF-DPB molecules in a self-assembly.
While the absolute values for the bandgap vary depending on the

exact configuration of the tip, only the relative changes between
measurementsmade with an identical tip are considered here.[27]

A common theory regarding charge generation in OSCs is that
efficient charge carrier separation requires a large energy offset
between the lowest excited singlet state and the charge transfer
state, which limits the achievable PCE.[28] However, this is not the
case for all donor–acceptor combinations. Some exhibit an effi-
cient charge carrier separation despite a small energy offset.[29]

For these materials, it was hypothesized that the spatial separa-
tion of photogenerated charges is driven by an energy relaxation
due to the cascading energy levels, being more favorable for the
charge carriers to reside in the more ordered domains at larger
distances from the donor–acceptor interface.[29,30] This hypothe-
sis is corroborated by our results, which show a reduction of or-
der at the BF-DPB:B4PyMPM interface along with a higher band
gap. The lower energy gap in the ordered area could subsequently
direct holes in BF-DPB away from the interface, leading to the
dissociation of bound into free charge carriers.

2.1.2. Co-evaporation

Next, B4PyMPM and BF-DPB were evaporated simultaneously
on Au(111). The two molecules barely mix and instead rather
form bigger domains with varying width in the range of about
5 nm to 60 nm consisting of only one of the molecules (Figure 4).
Such a formation of domains of the donor and acceptor materials
is advantageous in a solar cell bulk heterojunction to achieve both
facile exciton separation at the donor–acceptor interface and suf-
ficient charge carrier extraction at the electrodes. Domain sizes
that roughly correspond to the exciton diffusion length, which is
typically in the range of 5 nm - 10 nm for organic semiconductors,
are optimal.[31,32]

The formation of these well-defined, separate B4PyMPM and
BF-DPB domains is most likely caused by the very different
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Figure 4. B4PyMPM and BF-DPB molecules evaporated simultaneously on a Au(111) surface. a) Overview STM image of the interface of B4PyMPM
and BF-DPB domains. b) STM image of an interface segment in (a) with four different relative orientations of B4PyMPM versus BF-DPB. c) Magnified
scheme of the molecular assembly at the B4PyMPM:BF-DPB interface in (b). d) STM image of the B4PyMPM self-assembly with triangular unit cell
(marked with a green triangle) next to a BF-DPB domain. e) Magnified scheme of the molecular assembly at the B4PyMPM:BF-DPB interface in (d) with
C–H…N hydrogen bonds in red. f) Overview STM image of the interface of B4PyMPM and BF-DPB domains after annealing up to 180 °C. g) STM image
of an interface segment in (f). h) Magnified scheme of the molecular assembly at the B4PyMPM:BF-DPB interface in g). All STM images were taken with
voltage and tunneling current setpoints of 2.5 V and 10 pA. B4PyMPM and BF-DPB were co-evaporated for 7min.

intermolecular interactions and distinct adsorption geometries
of these two molecules. While the assembly of B4PyMPM is
dominated by hydrogen bonding in a flat adsorption geometry,
BF-DPB interacts by considerably weaker van der Waals interac-
tions in conjunction with pronounced out-of-plane rotated aro-

matic units (Figure S1, Supporting Information). At the same
time, hydrogen bonds between BF-DPB and B4PyMPM are pre-
vented by the difference in height and unfavorable directionality
of their peripheral atoms (Figure S1, Supporting Information).
As a result, the B4PyMPM network based on hydrogen bonds is
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Figure 5. 1.5 MLs B4PyMPM on a Au(111) surface. a) Overview STM image (1.2 V, 5 pA). b) Enlarged STM image containing areas with both 1 ML and
2 MLs of B4PyMPM (1.2 V, 5 pA). Ordered rows in the second ML are indicated by white arrows. c) High resolution image with scheme of the molecular
assembly (1.0 V, 5 pA). B4PyMPM was evaporated for 100min.

energetically preferred, which prevents blending with BF-DPB.
Consequently, using an acceptor molecule without the capa-
bility to form strong hydrogen bonds should show a higher
tendency to blend with the BF-DPB donor. STM measure-
ments of B2PyMPM and BF-DPB molecules co-evaporated on
a Au(111) surface confirm this trend (Figure S2, Supporting In-
formation). At low coverage, the BF-DPB molecules form elon-
gated clusters confined by the Au(111) herringbone reconstruc-
tion (Figure S2a, Supporting Information). In contrast, the co-
evaporated B2PyMPM molecules appear highly mobile, result-
ing in unstable imaging conditions. At a coverage close to a
monolayer (Figure S2b, Supporting Information), the typical BF-
DPB structures (Figure 2) are dissolved. Instead, a disordered as-
sembly is observed where B2PyMPM molecules are integrated
into the BF-DPB layer. Such a strong intermixing of the accep-
tor and donor molecules is disadvantageous in a BHJ, as sep-
arated charge carriers then easily recombine before reaching
the electrodes. Since rapid charge carrier recombination leads
to lower FFs, this strong mixing may be a reason for the infe-
rior FFs of B2PyMPM:BF-DPB cells compared to B4PyMPM:BF-
DPB cells (see Figure 1). Since the main difference between
B4PyMPM and B2PyMPM lies in the lack of hydrogen bonds
between B2PyMPM molecules, this indicates that the hydro-
gen bonds and related strong intermolecular interaction between
neighboring B4PyMPMmolecules induce the phase segregation
with BF-DPB leading to well-defined, separate B4PyMPM and
BF-DPB domains. This is in line with standard thermodynamic
arguments for demixing phenomena, which can be explained
by a large difference between the cohesive energy densities of
the two substances.[33] Further measurements of B2PyMPM in-
dividually evaporated on Au(111) and Cu(111) are discussed in
Sections 2.3 and 2.5.
The interface between B4PyMPM and BF-DPB domains is not

uniform (Figure 4a–c). While the domains are largely ordered
within themselves, this order is disturbed at the interfaces and
the molecules are partially rotated in the plane (Figure 4b). How-
ever, this does not result in a uniform orientation of BF-DPB and
B4PyMPMmolecules to each other, butmany different ones (four
different ones shown in Figure 4b).

In addition to the rows shown in Figure 2d, B4PyMPM
molecules form a second type of self-assembly based on a unit cell
of three triangularly alignedmolecules (Figure 4d,e). The unit cell
is marked as a green triangle in Figure 4d. The nitrogen atoms
of one molecule are facing the hydrogen atoms of a neighboring
molecule with a distance of (262 ± 41) pm.
Annealing of the molecules on Au(111) up to 180 °C does

not lead to a further mixing of the two molecules (Figure 4f–h).
Still, B4PyMPM and BF-DPBmolecules formmostly ordered do-
mains, while only small domains and interfacial areas are disor-
dered.

2.1.3. B4PyMPM Second Layer Growth

In order to investigate the 3D structural order of B4PyMPM, a
sample with 1.5 monolayers of B4PyMPM on Au(111) was pre-
pared (Figure 5). Here, the analysis is extremely challenging be-
cause the second layer is only weakly bound. It forms ordered
rows on top of the first monolayer, marked with white arrows in
Figure 5b. The rows of the second layer appear to be aligned par-
allel to the rows of the first layer. Most likely, this trend continues
below the second layer. Additionally, the first layer is partially dis-
ordered in lateral proximity to the second layer, which may have
induced the growth of the second layer at this location. Further-
more, the STM contrast indicates that the second layer is slightly
tilted out of plane, resulting in a non-flat molecular configura-
tion. In corresponding devices, this stacking of ordered molecu-
lar planes leads to a high electron mobility and delocalized CT
states and thus to efficient, field-independent charge carrier gen-
eration and a high FF.[10,11]

2.1.4. BF-DPB on B4PyMPM

In a complete device, charge transport takes place in vertical di-
rection and not through horizontal van der Waals interactions
or hydrogen bonds. The exciton dissociation also occurs at the
horizontal interface of the stacked donor and acceptor layers.
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Figure 6. B4PyMPM on a Cu(111) surface with metal coordination bonds shown as dots. a) Overview STM image (−2.0 V, 10 pA). b) STM image of
self-assembly with hexagonal symmetry (−0.7 V, 50 pA). Unit cell marked by blue circle. c) Magnified scheme of molecular assembly of B4PyMPM in (b).
d) STM image of self-assembly with square symmetry (−0.7 V, 50 pA). Unit cell marked by blue circle. e) High resolution constant height STM image
of disordered region recorded with a qPlus sensor and an oxygen terminated copper tip (0.0 V).[40,41] B4PyMPM molecule bend outwards by 𝛼 = 25 °.
B4PyMPM was evaporated for 10min.

Nevertheless, the horizontal 2D assembly of the molecules is
highly relevant as it strongly influences layer growth in 3D. To
shed more light on the 3D structure, BF-DPB was deposited on
a monolayer of B4PyMPM on Au(111) (Figure S3, Supporting
Information). BF-DPB forms 3D islands on B4PyMPM, simi-
lar to the agglomerates found in lateral vicinity to B4PyMPM
(Figure 3). Thus, we can assume that the band gap of BF-DPB
at the disordered horizontal interface to B4PyMPM, similar to
that at the disordered lateral interface, is higher than in ordered
regions, directing the charge carriers away from the interface.

2.2. B4PyMPM on Cu(111)

In order to elucidate the effects of a more reactive substrate on
the molecular assembly, B4PyMPM was deposited on a clean
Cu(111) surface (Figure 6). The reactivity of a metal substrate
is determined by the degree of filling of the antibonding states
upon adsorption and by the degree of orbital overlap with the
adsorbate.[34] Both Au and Cu exhibit a filled antibonding state
upon adsorption, making them less reactive than metals such

as nickel or platinum. However, Au exhibits a larger degree of
orbital overlap with the adsorbate than Cu, which drives up the
energy. Therefore, the chemical reactivity of Au(111) is smaller
than that of Cu(111).[35] On Cu(111), metal coordination bonds
form especially with nitrogen-containing molecules.[36] Two dif-
ferent types of self-assembly are observed on Cu(111), one with
hexagonal symmetry (Figure 6b,c) and one with a square sym-
metry (Figure 6d). In both cases the assemblies are based on
dimers of B4PyMPM. The respective unit cells are marked by
blue rings in Figure 6b,d. The hexagonal symmetry of the struc-
ture in Figure 6b reflects the main symmetry axes of the Cu(111)
substrate. In both self-assemblies, the nitrogen atoms in the pe-
ripheral pyridine rings of neighboringmolecules face each other,
indicating metal coordination bonds between these two nitrogen
atoms and a central copper atom of the Cu(111) substrate.[37]

Metal coordination bonds usually have a length in the range of
150 pm to 250 pm.[38,39] Here, in the case of the structure with
hexagonal symmetry, the distance between the nitrogen atom
and the central copper atom is (280 ± 30) pm, which indicates
a weak metal coordination bond (Figure 6b,c). In the case of the
structure with square symmetry, the distance is only (220 ± 30)

Adv. Funct. Mater. 2025, 35, 2420307 2420307 (7 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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pm, indicating a stronger bond. Figure 6e shows that in disor-
dered regions, the peripheral pyridine rings even bend outwards
to form a metal coordination bond (here by 𝛼 = 25 °).

2.2.1. Passivation Layers

Both B4PyMPM and BF-DPB were also deposited on a bi-
layer/trilayer of sodium chloride (NaCl) on top of Cu(111)
(Figure S4, Supporting Information). NaCl acts as a decou-
pling layer to reduce interaction between the molecules and the
Cu(111) substrate.[42,43] The BF-DPB molecules agglomerate in
form of non-flat islands with a diameter of 4 nm to 6 nm at
step edges and domain boundaries of the NaCl (Figure S4a–c,
Supporting Information). These islands can be moved by the
STM tip, confirming a weak molecule-substrate interaction. The
STM contrast suggests a complex 3D agglomeration of the BF-
DPB molecules. The B4PyMPM molecules individually assem-
ble at NaCl step edges or in small openings within the NaCl
layer and can be moved by the STM tip. Interestingly, they do
not form any self-assembled monolayer structures (Figure S4d,
Supporting Information). Thus, while B4PyMPM and BF-DPB
form self-assembled layers on Au(111) and Cu(111), this is pre-
vented by the chemically passivating layer of NaCl. This shows
that a moderate molecule-substrate interaction is required to ob-
tain ordered molecular structures. A second way of passivating
the Cu(111) substrate is oxidation. On copper oxide, the BF-DPB
molecules agglomerate along rows that follow the orientation of
the substrate (Figure S4e, Supporting Information). Copper ox-
ide is also used as a hole transport layer in organic solar cells.[44]

However, the analysis is extremely challenging since the BF-DPB
molecules are only weakly bound. As shown here and in the pre-
vious sections, the molecular assembly and the resulting func-
tional properties are thus highly dependent on the substrate.
Therefore, the choice of the contact layers in an organic solar cell
is of crucial importance.

2.3. B2PyMPM on Au(111)

B2PyMPM differs from B4PyMPM only in the position of the
nitrogen atoms in their peripheral pyridine rings (Figure 1).
However, their physical properties vary greatly in macroscopic
arrangements, suggesting differences in the molecular assem-
bly of the two molecules.[10,11] For example, as shown in Sec-
tion 2.1.2, compared to B4PyMPM, B2PyMPM exhibits an in-
creased miscibility with BF-DPB. Here, B2PyMPM was sequen-
tially deposited on a Au(111) surface for different coverages
(Figure 7). At low coverage, after 3min and 6min of thermal
evaporation, the B2PyMPMmolecules mainly accumulate at the
elbows of the herringbone structure of the Au(111) substrate,
which are the most reactive sites (Figure 7a,b). The STM contrast
of these B2PyMPM islands suggests a 3D molecular configura-
tion. At higher coverage, after 11min and 14min of thermal evap-
oration, the molecules are still partially mobile within a confine-
ment given by the herringbone structure (Figure 7c–e). Addition-
ally, after annealing up to 200 °C, the B2PyMPM molecules re-
main only at the step edges, leaving the planes empty (Figure 7f).
Both indicates a weak molecule-substrate interaction. This is

in contrast to the B4PyMPM molecules, which remain on the
substrate even after annealing (see Figure 4f,g), possibly due
to additional stability provided by the molecular assembly. The
B2PyMPM molecules, instead, do not form an ordered self-
assembly on Au(111) because the nitrogen atoms in their pe-
ripheral pyridine rings are not directed outwards and there-
fore cannot induce the formation of 2D networks by hydro-
gen bonding. Such reduced order prevents the stacking of
molecular planes in B2PyMPM-based cells, which is the rea-
son for a lower electron mobility, more localized CT states
and thus inefficient and strongly electric field-dependent charge
carrier generation and a lower photovoltaic FF compared to
B4PyMPM-based cells.[10,11]

2.4. B3PyMPM on Au(111)

The third acceptor molecule, B3PyMPM, was also evaporated
onto Au(111) (Figure S5, Supporting Information). The nitro-
gen atoms in its peripheral pyridine rings are in the meta
position (see Figure 1). The B3PyMPM molecules form ag-
glomerates on top of a linear pattern, indicating a disordered
second layer on top of an ordered first one. Next to the
B3PyMPM layers, an empty Au(111) surface remains, signify-
ing a stronger molecule-molecule than molecule-substrate in-
teraction. Even after annealing up to 200 °C, this configura-
tion does not change. Accordingly, the B3PyMPM molecules
are more strongly bound to the Au(111) substrate than the
B2PyMPM molecules.

2.5. B2PyMPM on Cu(111)

In order to investigate the effect of a more reactive substrate,
B2PyMPM is also thermally evaporated on a Cu(111) surface.
Interestingly, we observe a disordered structure with nearly
equidistant molecules (Figure 8a–c). Some molecules appear
brighter in the STM image, indicating an out-of-plane tilt in
these cases (Figure 8b). Even with high coverage, there is no ag-
glomeration of molecules, indicating a strongly suppressed in-
termolecular interaction (Figure 8d). In contrast to B4PyMPM,
no metal coordination bond can occur between two neigh-
boring molecules and a central copper atom, as the nitrogen
atoms in the peripheral pyridine rings of B2PyMPM are not
directed outward.

2.6. Photoluminescence Properties of BF-DPB and
BF-DPB/B4PyMPM on Au(111)

In addition to the structural investigations using scanning probe
microscopy, the optical properties of BF-DPB were studied using
photoluminescence (PL) measurements. First, the PL of a BF-
DPB powder was measured. It exhibits an emission maximum
at 2.80 eV (Figure 9). In comparison, the PL maximum of a BF-
DPB layer on a Au(111) substrate is strongly redshifted, with an
emission maximum at 2.25 eV. The photoluminescence of the
Au(111) substrate itself is negligible. The strong PL redshift, go-
ing from bulk (powder) to BF-DPB on Au(111), indicates that the

Adv. Funct. Mater. 2025, 35, 2420307 2420307 (8 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. B2PyMPMon a Au(111) surface. a) STM image after 3min of thermal evaporation (2.6 V, 7 pA). b) STM image after 6min of thermal evaporation
(2.5 V, 7 pA). c) STM image after 11min of thermal evaporation (2.5 V, 7 pA). d) STM image after 14min of thermal evaporation (2.5 V, 7 pA). e) Enlarged
STM image after 14min of thermal evaporation (2.5 V, 10 pA). f) STM image after 2min of thermal evaporation and additional annealing up to 200 °C
(2.6 V, 10 pA).

interaction with the Au(111) substrates results in a significant al-
teration of the optical properties. We relate the observed redshift
and broadening of the emission spectrum to a change in the inter-
molecular forces and molecular configuration of BF-DPB, lead-
ing to changes in the excited-state energies of the molecules. In
addition, we hypothesize that the close presence of Au(111) re-
sults in an enhanced intersystem crossing within BF-DPB, re-
sulting in triplet state population and emission. This is corrob-
orated by DFT calculations of the fluorescence and phosphores-
cence spectra of BF-DPB in the gas phase (Figure 9). The sim-
ulated fluorescence spectrum agrees well with the experimental
measurement of the powder spectrum. The calculated position of
the peakmaximumof the fluorescence spectrum (2.92 eV) shows
reasonable agreement with the experimental value of the powder
spectrum (2.80 eV). The fact that only fluorescence, i.e., emission
from the S1 singlet state, occurs in the powder can be attributed
to the weak spin-orbit coupling in organic compounds. Placing
BF-DPB on the Au(111) substrate enables a transition from the
S1 singlet state to the T1 triplet state by intersystem crossing
due to the metal-enhanced spin-orbital coupling. This leads to
phosphorescence, i.e., emission from the T1 state. The simulated

phosphorescence maximum is found at 2.38 eV, in good agree-
ment with the experimental maximum of the BF-DPB spectrum
on Au(111) (2.25 eV). The theoretical singlet-triplet splitting of
0.54 eV shows excellent agreement with the corresponding dif-
ference between the maxima of the powder spectrum and the
spectrumonAu(111) (0.55 eV). In practical devices, electron/hole
transporting or extraction layers are used in between the photo-
active layer and the metal contact, avoiding the undesired metal-
enhanced intersystem crossing.
For the samples where BF-DPB was deposited on top of

B4PyMPM on Au(111), the PL emission does not change any
further. Due to the high energy gap of B4PyMPM, the excita-
tion at 375 nm predominantly excites BF-DPB.[17] In thin films,
excitation of BF-DPB:B4PyMPM interfaces results in electron
transfer and subsequent emission of the intermolecular charge-
transfer (CT) state.[11] We ascribe the lack of CT emission in the
BF-DPB/B4PyMPM/Au(111) samples on the strong interactions
of the organic components with the Au substrates, favoring a
strong redshifted emission from the triplet state, hereby ham-
pering electron transfer from BF-DPB to B4PyMPM and thus the
formation of CT states.

Adv. Funct. Mater. 2025, 35, 2420307 2420307 (9 of 12) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. B2PyMPM on a Cu(111) surface. a) Overview STM image after 12min of thermal evaporation (2.7 V, 10 pA). b) Enlarged STM image of cutout
of (a) (2.7 V, 10 pA). c) High resolution constant height current STM image after 12min of thermal evaporation (0.0 V). d) STM image after 32min of
thermal evaporation (1.0 V, 10 pA).

DFT calculations quantify the binding energy of BF-DPB to
the Au(111) substrate to −3.85 eV, which corresponds to a strong
physisorption.[45,46] Moreover, they show that the interaction with
the substrate leads to a charge redistribution within the BF-
DPBmolecule, see Figure S6 (Supporting Information), affecting
presumably the molecular orbitals (HOMO and LUMO) and
thus the electronic states. The resulting change of the en-
ergy levels of electronic states supports the hypothesis that
molecule-substrate interaction enhances intersystem crossing
of BF-DPB.

3. Conclusion

We used high-resolution scanning probe microscopy to directly
image the molecular assembly of vacuum-deposited BPyMPM
and BF-DPB films on various substrates and to gain insights into
the intermolecular interactions responsible for the different as-
semblies.
The results show that B4PyMPM molecules form self-

assemblies on both Au(111) and Cu(111), which are caused by
C─H…N hydrogen bonds and metal coordination bonds, respec-
tively. B2PyMPMmolecules, on the other hand, only form disor-
dered structures on both substrates. This difference inmolecular

assembly is caused exclusively by the different position of the ni-
trogen atoms in their peripheral pyridine rings.
BF-DPB molecules form two types of self-assemblies,

which are determined by van der Waals interaction. On the
substrate, the optical properties of BF-DPB are drastically
changed compared to the bulk, probably due to an enhanced
intersystem crossing.
At domain boundaries between BF-DPB and B4PyMPM, the

molecules show a considerable disorder without any binding
sites between BF-DPB and B4PyMPM. The agglomerates that
form at the boundaries exhibit a higher energy gap than the or-
dered domains. Previously proposed models for exciton and CT
state dissociation and subsequent free carrier generation have
postulated the importance of disordered phases in the dissoci-
ation process: The energy offset between the more disordered in-
terface and the more ordered bulk drives the charge carriers to
the neat, more ordered phases, away from the interface.[47] Free
charges then travel in the highermobility bulk regions of the neat
phases to the electrodes. This demonstrates the crucial correla-
tion of molecular order and electro-optical properties in organic
functional layers.
Furthermore, we find that the agglomeration on passivation

layers such as NaCl or metal oxide as well as in the second
molecular layer is strongly suppressed and shows a significant
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Figure 9. Measurements of a BF-DPB powder, BF-DPB on a Au(111) substrate, BF-DPB on B4PyMPM on top of a Au(111) substrate, and pure Au(111)
as well as DFT calculated fluorescence (emission from the S1 singlet state) and phosphorescence spectra (emission from the T1 triplet state) in the gas
phase. For the sample of BF-DPB on Au(111), BF-DPB was evaporated for 15min. For the sample with an additional B4PyMPM layer, B4PyMPM was
evaporated on Au(111) for 40min, then BF-DPB for 15min.
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reduction in the 2D character of the structures. Overall, the
choice of substrate thus has a major effect on the molecular as-
sembly and the resulting functional properties of BPyMPM and
BF-DPB. In general, this must be taken into consideration when
developing tailored donor-acceptor systems and suitable contact
layers for organic optoelectronic devices.

4. Experimental Section
The STMmeasurements were performedwith a low-temperature scanning
probe system (LT-STM/AFM, Scienta Omicron, MATRIX SPM control sys-
tem) at ultra-high vacuum conditions with a base pressure below 4× 10−11

mbar. Before the measurement, the samples were cooled down to liquid-
nitrogen temperature (∼78 K). Only themeasurements shown in Figure S4
(Supporting Information) were carried out at liquid-helium temperature
(∼4 K).

Two types of scanning tunneling tips were applied. The first one was
electrochemically etched from a 0.2 mm thick annealed monocrystalline
tungstenwire and used for themeasurements shown in Figures 2, 3, 4, and
6; Figures S3 and S4 (Supporting Information). The second tip was made
from 0.25mm thick annealed platinum-iridiumwire using the cut-and-pull
method and was used for the measurements shown in Figures 5, 7, and 8;
Figures S2 and S5 (Supporting Information). Both tips were further formed
by tip-sample indentations and voltage pulses on a Au(111) substrate to
create a sharp and stable apex.

For sample preparation, Au(111) and Cu(111) Mateck single crystals
were cleaned by repeated cycles of Ar+ ion sputtering and subsequent
annealing at up to 600 K. The molecules were purchased from Sigma–
Aldrich (B4PyMPM and B3PyMPM), from Lumtec (B2PyMPM) and from
AA Blocks (BF-DPB). They were deposited by thermal evaporation us-
ing a kentax evaporator with quartz crucibles, if not noted otherwise.
During evaporation, the substrates were always kept at room tempera-
ture. B4PyMPM was evaporated at 245 °C to 250 °C, BF-DPB at 220 °C,
B3PyMPM at 215 °C, and B2PyMPM at 205 °C to 210 °C. The evaporation
times are noted in the figure captions.

NaCl was evaporated at 600°C for 20s while the substrates were kept at
room temperature. Oxidation of the Cu(111) substrates was achieved by
dosing O2 with a pressure of 10−6 mbar for 10min while the substrates
were kept at 220 °C.

For the STS measurements, the tip position was set with voltage and
tunneling current setpoints of −2.3 V and 7 pA. The feedback loop was
then deactivated and the bias voltage was swept from −2.3 V to 2.8 V or
3.1 V in case of the BF-DPB self-assembly and the agglomerate, respec-
tively. Each current-voltage curve consists of 60 measurement points, with
a measurement time of 50ms per point, resulting in a total duration of 3 s
per curve. The dI/dV spectra were obtained by numerical differentiation of
the current-voltage curves and subsequent averaging over several spectra
for both the self-assembly and the agglomerate.

The BF-DPB powder sample was prepared by depositing a thin layer
of the powder on a Si/SiO2 substrate with a SiO2 thickness of 80 nm. To
measure the photoluminescence, a homebuilt microscope equipped with
a small vacuum chamber was used. While transferring the samples into
this chamber, they were in ambient atmosphere for 1–2 min. The samples
were excited with a pulsed 375 nm PicoQuant diode laser (LDH-P-C-375)
and the emission was detected using an Andor Shamrock 303i spectro-
graph with a Scientific CMOS camera (Andor Neo) attached. To remove
stray light of the laser, the emission was cut off at 409 nm using a Sem-
rock BrightLine HC 409/LP long-pass filter. To focus onto the sample and
to collect the photoluminescence in reflection geometry, a 10x objective
lens with a numerical aperture of 0.3 (Nikon TU Plan Fluor 10x) was used.
Hence, the emitted light was collected from an area with a diameter of
1 μm.
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Supporting Information is available from the Wiley Online Library or from
the author.
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