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The non-covalent functionalization of black phosphorus (BP)
was studied with a scope of ten tailor-made perylene diimides
(PDIs). A combination of UV/Vis-, fluorescence-, as well as
Raman spectroscopy and atomic force microscopy was used to
investigate the structural factors, which contribute to a
pronounced PDI-BP interaction and thus support the protection
of BP nanosheets against oxidative degradation. We were able

to show, that water-soluble, amphiphilic PDIs with highly
charged head groups can be used for the non-covalent
functionalization of BP in aqueous media. Here, based on the
hydrophobic effect, an efficient adsorption of the respective PDI
molecules takes place and leads to the formation of a
passivating film, yielding a considerable stabilization of the BP
flakes under ambient conditions exceeding 30 days.

■■Dear author, please check if you can complete correspond-
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Introduction

Black phosphorus (BP), the thermodynamically most stable
allotrope of phosphorus[1] is, similar to graphene and traditional
transition metal dichalcogenides, a layered material that can be
delaminated.[2] Due to its unique properties, it is considered a
potent representative of the novel class of 2D nanomaterials
and has attracted an increasing interest over the past few
years.[3] BP has an intrinsic band gap, a good combination of
charge carrier mobility and current on/off ratio, as well as
exhibits a unique in–plane anisotropy, making it an interesting
candidate for applications in (opto� )electronics.[4–7]

Nevertheless, due to its electronic structure, BP is partic-
ularly susceptible to oxidation under ambient conditions,

leading to the rapid degradation of the material. Especially
mono- and few-layer nanosheets of BP are highly susceptible to
the presence of oxygen, moisture and light irradiation.[8,9] To
overcome these difficulties, various methods have been
tested[10] like the covalent functionalization with aryl diazonium
salts[10] or coordination using titanium sulfonate ligands,[12]

which slow the degradation of BP by occupying the unpaired
electrons at the surface. Other methods include the encapsula-
tion of the material by depositing a protective layer on top of
the BP nanosheets while maintaining the intrinsic properties of
the material.[13,14] However, although encapsulation is an
efficient passivation technique, further chemical modifications
of the material are thus prevented.

Using a non-covalent approach for the passivation of the
nanosheets offers a promising alternative for protecting BP,
while simultaneously maintaining its intrinsic electronic proper-
ties. For other 2D materials, namely graphene[15] and MoS2,

[16] it
could be shown that aromatic perylene diimides (PDIs) are
suitable molecules for the formation of non-covalently function-
alized hybrids. Perylene diimides are commonly known as a
versatile class of chromophores, which are widely used as
fluorescent dyes or color pigments[17–19] or in a diversity of
optoelectronic applications such as dye lasers,[20,21] solar
cells[22–24] or transistors[25,26] due to their excellent optical proper-
ties, especially with respect to their high fluorescence quantum
yields and their photo- and thermal stability.[27–29] Moreover,
these molecules possess a large conjugated π-system, rendering
them ideal for the formation of supramolecular structures. This
allows for the development of a passivating layer on top of the
material and shows promising results for improving the device
performance.[30–33] This rationale can likewise be transferred to
BP.

Our group previously reported on the formation of BP-
hybrids through non–covalent, van der Waals interactions
between the BP nanosheets and different PDIs dissolved in
organic media, and these hybrids showed an increased stability
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under ambient conditions due to the passivating effect of the
PDI layer.[34,35] Moreover, PDIs provide the opportunity to modify
their structure by attaching a variety of functional groups at
three different positions of the perylene core (indicated in
Scheme 1), influencing their optical properties, their solubility,
as well as their supramolecular behavior including
aggregation.[36–38]

Substituents in the imide position are able to directly
influence the solubility along with the self-assembly of the
molecules, however, they have nearly no effect on the HOMO
(highest occupied molecular orbital) and LUMO (lowest un-
occupied molecular orbital) of the molecule, rendering changes
in the absorption and emission properties neglectable.[39] Bay
substitution, on the other hand, primarily influences the optical
properties of the corresponding PDI. Introduction of π-acceptor
or π-donor substituents leads to either a lowering of the LUMO
or a raising of the HOMO, resulting in both cases in a
bathochromic shift of the absorption features.[40] However, bay
substitution often leads to the twisting of the otherwise planar
core. Introducing substituents in the ortho positions of the
perylene can enhance its solid–state emission and affect the
solubility without distorting the planar structure.[41,42] Hence, the
introduction of different functional moieties in various positions
of the PDI core offers a wide variety of modification potential.

These alterations seem to influence the non-covalent
interactions between the corresponding PDI and BP, which
could be shown in the thermal stability of the functionalized
nanosheets depending on the strength of the non-covalent
interaction.[35] However, detailed insights by which means the
successful formation of such hybrid structures can be influ-
enced, remain elusive.

Herein, we present a thorough, systematic investigation of
ten structurally–different PDIs towards their potential for the
non–covalent functionalization and passivation of BP. Modifica-
tions in either the imide, the bay or the ortho positions of the
perylene core were explored, which influence their physico-
chemical properties, rendering the PDIs either water–soluble,
exhibiting electron donating or electron withdrawing character,
twisting the planar core structure or elongating the π-system.
This enables a deeper, fundamental understanding of the
interactions between PDIs and BP and how they can be
modified on demand.

Results and Discussion

As outlined, the exact chemical structure of substituted
perylene diimides has a significant impact on various properties,
like their polarity, solubility and aggregation behavior. There-
fore, the intrinsic solution-phase behavior of the respective PDIs
was investigated at first and the subsequently obtained BP-PDI
hybrids were thoroughly characterized and investigated to-
wards their ability to stabilize pristine BP over time under
ambient conditions. A straightforward and facile method to
examine the aggregation behavior of different PDIs in solution
is the combination of absorption and fluorescence spectro-
scopy.

Based on the previously obtained results for the passivation
of BP nanosheets with organic PDIs (PDI-Ref, Scheme 2),[34,35]

certain molecular structures were designed to probe the
influence of specific molecular characteristics. To identify
possible influences on the non–covalent interaction with BP,
three structurally different PDIs (Scheme 2) were selected and
tested, which were either elongated with branched alkyl chains
(PDI 1), feature polar groups in the ortho positions of the core
(PDI 2) or exhibit an extended π–system by further elongating
the PDI in ortho positions with phenylacetylene units (PDI 3).
All PDI derivatives can be readily dissolved in THF.

As mentioned above, modifications in the imide positions of
a PDI have nearly no influence on its photophysical properties,
however, they do affect the intermolecular stacking behavior
and thereby influence phenomena such as aggregation–
induced fluorescence quenching.[43] Therefore, a simple,
branched alkyl chain was selected for all three PDIs, which
differs from the presented PDI-Ref mostly in its polarity, and
the aggregation behavior of these PDIs was investigated. PDI-
Ref, which is literature–known to successfully form non-
covalent hybrids with BP, showed signs of aggregation in THF,
which can be clearly discerned by the low A0–0/A0–1 ratio and
the additional band at 552 nm, indicating H–aggregates due to
van der Waals interactions (see Supporting Information of
Ref. [35]). The corresponding fluorescence spectrum, however,
revealed three, distinct peaks, which is usually characteristic for
monomeric solutions.[35] In comparison, PDI 1 exhibits a
characteristic absorption spectrum, whereas three distinct
absorption maxima are visible that increase in intensity with

Scheme 1. General structure of a PDI with highlighted substitution positions.
Scheme 2. Chemical structures of the investigated PDIs (PDI 1 to PDI 3)
soluble in organic solvents and the previously investigated PDI-Ref. [34,35].
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lower energy. The corresponding fluorescence spectrum is a
clear mirror image, confirming its monomeric behavior in
solution. However, PDI 2 shows the complete opposite
(Supporting Information, S1). Both, UV/Vis and fluorescence
spectra, reveal significant aggregation due to the broadening of
the absorption peaks and the additional shoulder at around
542 nm. Finally, PDI 3 emerges as the derivative most similar to
PDI-Ref in terms of its optical characterization. Although the
absorption spectrum suggests some degree of aggregation, an
additional shoulder at higher wavenumbers is absent and the
fluorescence spectrum reveals three distinct peaks, as already
observed for PDI-Ref, rendering it the most promising candi-
date for the non–covalent functionalization of BP due to their
spectral similarities (Supporting Information, S1).

The non-covalent functionalization between these PDIs and
BP was then investigated in detail. Therefore, few–layer BP (FL–
BP) was obtained via micromechanical exfoliation of bulk BP
crystals under inert conditions inside an argon-filled glovebox
(O2<0.1 ppm, H2O<0.1 ppm) and transferred onto Si/SiO2

wafers for further processing. These wafers were immersed in
the corresponding PDI solution (c=10� 5 mol/L in THF) for
5 days. To investigate the potential PDI-BP hybrid formation,
the wafers were washed with isopropanol and Raman spectro-
scopy was used to verify the success of the non-covalent
functionalization (Scheme 3).

As briefly outlined above, PDI 1 showed a typical absorption
and fluorescence behavior for perylenes, indicated by the three
visible absorption peaks and its mirror image in the
fluorescence spectrum (Figure 1a). This optical characteristic
suggests a monomeric stacking behavior, which can be
confirmed by calculating the corresponding ratio between the
first and the second highest absorption peak. If this ratio is
around or above a value of 1.6, nearly to no aggregation of the
molecules is present, (Supporting Information, T1).[44] However,
although no pre–arrangement of the molecules takes place
which could prevent a potential interaction with the BP

nanosheets, no indications for a successful non–covalent
functionalization could be found by Raman spectroscopy, which
becomes evident by the missing signals in the spectral range
from 1200 cm� 1 to 1800 cm� 1 (Figure 1b). This could indicate
that a purely monomeric behavior of the PDI molecules is not
favorable for their interaction with BP, which is in accordance
with findings reporting lower exfoliation tendencies of graphite
with purely monomeric PDIs as the exfoliation agent.[45,46] High
degrees of self–assembly of the PDI molecules in solution
suggest reduced interaction potential with BP, however, instead
it appears that the functional group at the imide position and
its polarity could have a greater influence on the improvement
of the van der Waals interaction between the π–system of the
perylene and the BP surface.

To investigate, whether the polar groups are specifically
needed in the imide position of the PDI core or if they are
favorable for the non–covalent interaction in general, PDI 2 was
tested, which bears polar pyrrolidine units in ortho position. In
comparison to PDI 1, the solution showed a high degree of
aggregation, which can be clearly seen by the overlapping of
the three absorption maxima of the PDI core, yet no signs for
the non-covalent functionalization of BP could be detected
(Supporting Information, S1). This suggests, that it might be
necessary for the PDI to either harbor polar headgroups in at
least the imide position or for an additional driving force to be
present to increase the chances for the non–covalent inter-
action.

Therefore, PDI 3 was investigated, which exhibits an
extended, planar π–system by introducing phenyl acetylene
units in the ortho positions of the PDI core. These substituents
are located in the same plane as the perylene core, further
delocalizing the electrons into the substituents, hence improv-
ing and strengthening the van der Waals interactions between
the BP nanosheets and each individual PDI molecule. Its optical
characterization reveals a noticeable aggregation in solution
(Figure 2a). Interestingly however, the fluorescence spectrum
resembles that of PDI 1, which was obtained from a monomeric
solution, similar to the published results of PDI-Ref. [35].

Using PDI 3 for the non–covalent functionalization of BP led
to the successful formation of PDI–BP hybrids, which can be
clearly observed by Raman spectroscopy showing the character-
istic PDI bands between 1200 cm� 1 and 1800 cm� 1 due to the
fluorescence quenching resulting from the non-covalent inter-

Scheme 3. Schematic representation of the non-covalent functionalization
procedure of BP with PDIs.

Figure 1. Optical properties of PDI 1 characterized by (a) UV/Vis and
fluorescence spectroscopy and (b) the corresponding Raman spectrum of an
exemplary BP flake after the non-covalent functionalization with PDI 1
(organic rests are marked with the letter O for ortho- and with I for imide
substituents).

Figure 2. Optical properties of PDI 3 characterized by (a) UV/Vis and
fluorescence spectroscopy and (b) the corresponding Raman spectrum of an
exemplary BP flake after the non-covalent functionalization with PDI 3
(organic rests are marked with the letter O for ortho- and with I for imide
substituents).
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action (Figure 2b). This is in good accordance with our previous
results.[34,35]

The newly formed BP-PDI 3 hybrid was characterized in
more detail by atomic force microscopy (AFM) as depicted in
Figure 3. The respective AFM images of a selected flake with a
thickness of around 7 nm recorded over a time span of 18 days
shine light on the passivating capabilities of PDI 3 under
ambient conditions, which could confirm a prolonged lifetime
of the BP-PDI 3 hybrids. Usually, in the first few hours after
exposing BP to air, the formation of small droplets on the
surface of the monitored flake can be observed. These droplets
arise from the formation of hydrophilic PxOy species due to the
chemisorption of oxygen, which, little by little, increases the
hydrophilicity of the BP surface.[47] This leads to the adsorption
of water and the subsequent formation of phosphoric and
phosphorus acids, which can be confirmed by the appearance
of visible droplets.[48] For the BP–PDI 3 hybrid, this process starts
most noticeably after seven days under ambient conditions
(Figure 3d), which clearly indicates an efficient shielding effect
of the non-covalently adsorbed PDI 3 against oxygen and
moisture. However, it has to be stated, that using a similar PDI
to PDI-Ref (published by Lloret et al.[35]), which interacts more
strongly with BP, the time span can be extended to a far larger
extent. To completely passivate BP from oxygen and water, at
least six monolayers of PDI are necessary according to
molecular dynamic simulations, which equals about 1.3 nm in
thickness.[35,49] Such PDI layer thicknesses have already been
reported using three different PDIs, where the observed BP
flakes showed a higher thickness after non-covalent functional-
ization of about 1–2 nm depending on the used method.[34,35] As
seen in the AFM height comparison (Figure 3c and d), the BP
flake, taken from Figure 3 of the manuscript, reveals a height
increase after the non-covalent functionalization of about
0.6 nm, which should according to Lloret et al.[35] account to
about three monolayers of PDI. This would explain the shorter
lifetime of about 7 days of the observed BP flake, as this is less
PDI than the minimum requirement for a complete passivation.

All of the abovementioned PDIs showed substitutions in the
imide or the ortho positions of the perylene core. The influence
of bay substitution on the non-covalent interaction of PDIs with
BP, however, has not been investigated yet. It is well-known,

that the substitution in ortho or bay position has a significant
impact on the electronic structure and the optical properties of
the corresponding PDIs, leading to bathochromic or hypsochro-
mic shifts in the absorption and emission spectra of even up to
150 nm compared to unsubstituted PDIs and in most cases,
influences of bay substitution prevail.[40,50] For this reason, the
difference between ortho and bay substitution was further
investigated on the basis of PDI 4 and PDI 5 (Scheme 4). Since
bay substitution is especially tricky due to steric hindrance, only
small groups could be tested.

The measured UV/Vis and fluorescence spectra of the bay
substituted PDI 5 show overlapping absorption and emission
maxima, although the A0–0/A0–1 ratios between PDI 4 and PDI 5
do not differ significantly (Supporting Information, T1). This
indicates only a slight aggregation in solution. However, both
PDIs show no signs for a successful non–covalent functionaliza-
tion of BP (Supporting Information, S2). As already demon-
strated for PDI 2, solely ortho substitution of the perylene core
does not automatically lead to a pronounced van der Waals
mediated stacking between the corresponding PDI core and BP
if no additional driving force is introduced. Furthermore, it is
widely known that bay substitution distorts the otherwise
planar perylene core,[51–53] which could lead to reduced van der
Waals interactions with the BP nanosheets, explaining the
observed results. The experimental data for two additional PDIs
(PDI 6 and PDI 7), which showed only minor structural changes
compared to the presented ones, can be found in the
Supporting Information (Figure S3).

In contrast to the already mentioned PDIs, which can be
readily dissolved in a variety of organic solvents, changing the
substituents at the imide positions moreover allows for the
synthesis of water-soluble PDIs, which have been widely
investigated[54–58] and few reports show their use for the
formation of non-covalent aggregates with 2D materials like
reduced graphene oxide (rGO),[59] carbon nanotubes and
graphene.[60–62] Using water-soluble PDIs for the passivation of
BP, which is known to be a moisture-sensitive material, seems
counterintuitive at first, however, they might offer additional
driving forces for the non-covalent interaction due to their
amphiphilic nature. Our group previously showed, that BP can
be sequentially thinned by removing hydrophilic PxOy species
by water rinsing, recovering a pristine BP surface.[63] Subsequent
non-covalent functionalization of the thinned BP with PDI-Ref
led to the successful passivation of the surface. In addition, it
was observed that rinsing the BP surface with water in short
intervals leads to an overall slower oxidation compared to
leaving the nanosheets for four days under ambient conditions.
This is in accordance with previous findings, which suggested

Figure 3. AFM images of pristine BP flakes (a) before and (b) after the non–
covalent functionalization with PDI 3 and the corresponding height profiles
of the flake (c–d). (e–f) AFM stability study of the BP flakes shown in (b) over
time. Scheme 4. Chemical structures of PDI 4 and PDI 5 dissolved in THF.
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that the hydrophobic surface of BP needs to be oxidized first to
generate a hydrophilic environment for the subsequent phys-
isorption of water.[64,65] Therefore, FL-BP can survive for a
significantly longer time in deoxygenated water.[66]

In our present study, PDIs are modified in the imide position
by introducing permanently charged functionalities like quater-
nary ammonium cations (PDI 8) or N–oxides (PDI 9) or by using
pH–dependent dendritic carboxylic acid motifs (PDI 10).

■■Dear author, please mention (Scheme 5■■
These modifications allow the aforementioned PDIs to be

dissolved in water and although such PDIs have been known
for quite some time, they have never been used for the non-
covalent functionalization of BP. Therefore, we investigated PDI
8–10 with regard to their ability to form non–covalent hybrid
structures with BP, as well as their potential in passivating the
nanosheets.

The same approach as described above was used, however,
water as the solvent was deoxygenated to minimize BP
oxidation during the immersion, which led to the successful
formation of the non-covalently functionalized BP nanosheets
for all three compounds. This was confirmed by Raman
spectroscopy, showing characteristic bands of the PDI structure
between 1200 cm� 1 and 1800 cm� 1 (Figure 4).

Clear differences can be determined by comparing the PDIs
dissolved in organic solvents with the aforementioned water–
soluble ones. The molecular structure of the used PDIs has a
tremendous influence on the capability of the PDI to develop
van der Waals mediated interactions with BP, however, their
aggregation behavior seems to play only a subordinate role,
confirming that the non-covalent functionalization of BP is
indeed influenced by multiple factors, making predictions about
its success solely based on aggregation impractical. The
introduction of a planar, π–extended system seems to be
necessary for a successful non-covalent functionalization in
organic solvents, whereas the chain length in the imide position
or electron withdrawing or donating substituents in ortho
position appear to have a neglectable influence. In comparison
to the PDIs 1–7, which showed a clear preference for molecules
with extended π-systems, the interaction between the perylene
core and BP in the water-soluble, amphiphilic PDI derivatives is
mainly driven by the hydrophobic effect. The hydrophilic, polar
head group is responsible for the excellent water solubility of
the entire molecule and the hydrophobic core tends to
aggregate in order to minimize the total energy of the system.
This assumption is supported by the recorded UV/Vis and
fluorescence spectra, from which a high aggregation tendency
can be derived. In Figure 4 (left side), this aggregation becomes
visible based on the overlap and broadening of the three
distinct absorption bands of the perylene units and the low
A0–0/A0–1 ratios.[44] However, similar to PDI 3 in THF, the
photoluminescence response is quite pronounced and the
subsequent Raman measurement confirms the successful non-
covalent functionalization of BP with every tested water–soluble
PDI.

Since PDI 10 showed strong Raman signals, it was used as a
model compound to investigate the passivation capability of
water–soluble PDIs in detail. As mentioned above, atomic force
microscopy can be used to shine light on the oxidation
behavior of these BP-PDI 10 hybrids (Figure 5).

The recorded Raman maps, depicting the A1
g band of BP

and the PDI band at 1302 cm� 1, and the AFM image taken
directly after the non-covalent functionalization of the shown
BP flakes with the water-soluble PDI 10 (Figure 5a–c), reveal
uniform PDI signals over the whole BP flakes, confirming the
successful interaction between the PDI molecules and BP, while

Scheme 5. Chemical structures of the investigated water-soluble PDIs.

Figure 4. Optical properties of (a) PDI 8, (c) PDI 9 and (e) PDI 10
characterized by UV/Vis and fluorescence spectroscopy and (b), (d) and (f)
the corresponding Raman spectrum of an exemplary BP flake after the non-
covalent functionalization with the indicated PDIs.
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the Raman signals of BP and the surface topology remain
unaffected. The stability of the observed flakes was tracked by
AFM. After the first ten days under ambient conditions, no
significant change in the surface topography can be deter-
mined and even after 35 days, only a light nanobubble
formation can be observed. In comparison to pristine BP, which
deteriorates already after the first few hours upon exposure to
air,[48,67] and to the non-covalently functionalized nanosheets
presented in Figure 3, the stability of the BP nanosheets can be
tremendously increased to over a month under ambient
conditions, demonstrating the simplicity and efficiency of the
presented method.

The determination of the exact height of the observed
flakes after functionalization is quite challenging, as the flakes
have nearly the same thickness as measured before the
functionalization. Our group previously explained this behavior
by a layer-by-layer oxidation of the material in water.[63] This
allows for control over the thickness of the BP nanosheets and
leads to a gradual thinning of the material with each washing
step. This process can be terminated by either using the ionic
liquid BMIM–BF4 as a passivating layer or by non-covalently
functionalizing the nanosheets with PDIs, forming a protective
barrier against further oxidation.

This can be adapted to this experiment as well. The
presence of water and small traces of oxygen in the solvent act
as the oxidizing agent and the as-formed phosphoric and
phosphorous acids are subsequently washed away from the
surface, leading to a slight thinning of the flakes immediately
before they are functionalized in the same solution. This results
in nearly to no changes in the overall height of a flake after the
functionalization (Figure 6).

Conclusions

In conclusion, we have presented a thorough investigation of
overall ten structurally different PDIs with regard to their
aggregation behavior in solution and their non-covalent
interaction with black phosphorus nanosheets, which is
summarized in the Supporting Information for a better over-

view over the obtained results (Tables T1 and T2. We could
show, that besides imide position substituted perylene diimide
derivatives, also ortho-substituted systems with extended π–
systems are promising candidates for the non-covalent func-
tionalization of BP. In addition, they show auspicious results for
a subsequent passivation and stabilization of the nanosheets
against oxidative degradation. Moreover, we have demon-
strated, that water–soluble, amphiphilic PDIs with highly
charged head groups can be used for the non-covalent
functionalization of BP in an aqueous medium. Here, based on
the hydrophobic effect, an efficient adsorption of the respective
PDI molecules takes place, which leads to the formation of a
passivating film, stabilizing the BP nanosheets on a long-term
basis. Our findings stress once more the extraordinary proper-
ties of perylene diimides for the formation of supramolecular
hybrid structures and this approach might pave the way for
future applications of BP.

Experimental

Sample Preparation

Black phosphorus (BP) crystals were mechanically exfoliated using a
sticky polymer tape and transferred to Si/SiO2 to yield few-layer BP.
These pristine samples were immersed in various PDI solutions (PDI
1–10, c=10� 5 mol/L) in three organic solvents, namely NMP, DCM,
THF and in water. After 5 days of immersing, the wafer were put
out of the solutions, were dried and cleaned by sonication in
isopropanol for 1 min to remove possible PDI residues and
aggregates.

Solvent Preparation

Commercially available anhydrous THF and the bidistilled water
used for the fabrication of the PDI solutions was purified before-
hand. Both solvents were pump-freezed at least five times to
exclude the presence of oxygen.

Figure 5. Characterization of non-covalently functionalized BP flakes with
PDI 10 by Raman spectroscopy and AFM. Raman maps illustrate (a) the A1

g

band of BP and (b) one PDI band at 1302 cm� 1 and (c) shows the
corresponding AFM image. (d–f) AFM stability study of the BP flakes shown
in (c) with PDI 10 over time.

Figure 6. AFM images of a pristine BP flake (a) before and (b) after the non–
covalent functionalization with PDI 10. (c) and (d) show the corresponding
height profile of the indicated flake.
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Scanning Probe Microscopy

AFM images were recorded using a Bruker Dimension Icon 3
microscope in ScanAsyst Air mode. AFM topography images were
obtained with Bruker ScanAsyst-Air silicon tips on nitride levers
coated with reflective aluminum and a spring constant of 0.4 Nm� 1,
resolved by either 512×512 pixels or 1024×1024 pixels and with a
scan rate of 0.4 Hz.

Raman Spectroscopy

Raman spectra and maps were acquired on a WITec alpha300 R
confocal microscope equipped with an automated XYZ stage. All
Raman measurements were conducted using an excitation wave-
length of 532 nm and the non-covalent functionalization of BP with
various PDIs was verified by Single Raman spectra, recorded for
various flakes across the wafer with 5 mW laser power, an
integration time of 0.2 s and 10 accumulations.

UV/Vis Spectroscopy

Absorption of the prepared PDI solutions was measured on a Perkin
Elmer Lambda 1050 spectrometer in quartz cuvettes with a path
length of 0.4 cm.

Fluorescence

Emission spectra were acquired on a Horiba Scientific Fluorolog–3
system equipped with 450 W xenon halogen lamp, double
monochromator in excitation (grating 600 lines/mm blazed at
500 nm) and emission (grating 1200 lines/mm blazed at 500 nm),
and a PMT (photomultiplier tube) detector using quartz cuvettes
with a path length of 1.0 cm.

Supporting Information Summary

The Supporting Information section includes the experimental
protocols, additional information on the respective PDIs and
UV/Vis- and fluorescence spectra. The authors have cited
additional references within the Supporting Information.[67–72]
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35 days.
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