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Noncovalent Functionalization of Black Phosphorus
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Abstract: Black phosphorus (BP) was functionalized with
organic moieties on the basis of liquid exfoliation. The
treatment of BP with electron-withdrawing 7,7,8,8-tetra-
cyano-p-quinodimethane (TCNQ) led to electron transfer
from BP to the organic dopant. On the other hand, the
noncovalent interaction of BP with a perylene diimide was
mainly due to van der Waals interactions but also led to
considerable stabilization of the BP flakes against oxygen
degradation.

Black phosphorus (BP) has recently emerged as a very
interesting two-dimensional material.l'! The individual layers
of BP exhibit a honeycomb structure differing from that of
graphene because of a marked puckering of the sp*-hybrid-
ized P atoms.*¥ Due to its intrinsic direct bandgap, a good
compromise between charge-carrier mobility and current on/
off ratios, and because of its unusual in-plane anisotropy, BP
has tremendous potential in both electronics and optoelec-
tronics."*

Few-layer nanosheets (flakes) of BP can be obtained by
mechanical exfoliation of the bulk crystals as well as through
solvent exfoliation. However, practical applications are
restricted because of the instability of BP with respect to
ambient oxygen and moisture.""'* Concepts for chemical
stabilization are urgently desired. Encapsulation methods
have been proposed to preserve the intrinsic properties of BP,
but chemical control over its reactivity still remains an open
challenge.®'>!%1 Recently, in collaboration with the research
group of Coleman, we reported the liquid exfoliation of
solvent-stabilized few-layer BP flakes. During this procedure,
the stability under ambient conditions increased from
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approximately 1h for mechanically cleaved BP to about
200 h for 1-cyclohexyl-2-pyrrolidone (CHP)-exfoliated few-
layer BP. The first appealing applications beyond electronics
as gas sensors, saturable absorbers, and reinforcing fillers for
nanocomposites could be demonstrated.'”! The chemistry of
BP, however, remains almost unexplored.!'® So far only
single-flake chemistry with diazonium salts and TiL, com-
plexes have been reported.['”?"

We now describe the noncovalent functionalization of
bulk BP with 7,7,8,8-tetracyano-p-quinodimethane (TCNQ)
and a perylene bisimide (PDI) and the resulting pronounced
charge-transfer and van der Waals interactions. It was
possible to isolate and completely characterize functionalized
few-layer BP. The experimental results were supported by
quantum-mechanical calculations.

Our chemical approach for noncovalent functionalization
involved a combination of pristine BP crystals and TCNQ—
an extremely versatile building block for charge-transfer
compounds®!—under inert conditions in an argon-filled
glovebox (0O, < 0.1 ppm; H,0 < 0.1 ppm; see methods) and
gentle magnetic stirring (Scheme 1). The appropriate selec-
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Scheme 1. Functionalization of BP. a) Functionalization of BP without
sonication by the use of a strong electron-withdrawing acceptor,
TCNQ, and bulk black phosphorous. Charge-transfer compounds
consisting of few-layer BP decorated with TCNQ were formed. A
second functionalization approach is based on a novel ethylenediami-
netetraacetic (EDTA) ligand containing an integral perylene bisimide
(PDI) core. b) Schematic representation of TCNQ (top) and PDI
molecules (bottom) adsorbed on BP.

tion of the solvent has a tremendous influence on the process.
We initially anticipated that high-boiling-point solvents, such
as NMP and CHP, would form tightly packed solvation shells
adjacent to BP surfaces and thus act as a barrier to oxygen/
water. However, a screening study with different solvents
showed that, surprisingly, TCNQ is able to oxidize some of
these systems and create charge-transfer complexes (see
Figure S1 and details in the Supporting Information). TCNQ
exhibits characteristic absorption spectra in its neutral form
(TCNQ), as the aromatized anion radical (TCNQ™), and as
the dianion (TCNQ?"; Figure 1a,b).”! The generation of
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Figure 1. Synthesis and characterization of TCNQ-functionalized BP
nanosheets. a) Molecular structure of TCNQ, TCNQ"~, and TCNQ*".
The TCNQ molecule exhibits a quinonoid structure, with a high
single—-double bond-length alternancy, whereby R, and R; are much
shorter than R,.*% b) Electronic absorption spectra fingerprints of the
different TCNQ species in THF solution.” The TCNQ"™ absorption
spectrum was obtained by exhaustive exclusion of O, in NMP, and
that of TCNQ?~ was obtained in the presence of BP (see the
Supporting Information). c) Titration experiment with BP highlighting
the exclusive formation of BP-TCNQ at concentrations below 107 m.
The typical absorption bands of TCNQ™™ and TCNQ?*" are indicated as
bars. d) ATR-FTIR spectra of pristine BP (gray), TCNQ (orange), and
BP-TCNQ (black). €) SRM of a BP-TCNQ (10°m) flake showing the
corresponding A;,/A,, band ratio mapping. f) Mean Raman spectra
(excitation at 532 nm) of the areas indicated in (e). g) Histogram of
the Ay, /A,, intensity ratio. The inset in (e) is an AFM image of the
same flake studied by SRM showing an average thickness of 20 nm.
The scale bar represents 2 pm.
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and the rigorous exclusion of O,.””! When we performed the
study under extremely inert conditions, several charge-trans-
fer steps between the solvents and TCNQ took place (see
Figure S1). Indeed, the spontaneous formation of the mono-
anion TCNQ™ took place with N-methyl-2-pyrrolidone
(NMP) and N-cyclohexyl-2-pyrrolidone (CHP), whose spec-
tra revealed the presence of the aromatic form even after the
exposure of the solutions to air. It is most likely that the
corresponding radical cation of the pyrrolidone is formed
during this process. Therefore, the appropriate selection of an
inert solvent was required for the development of the redox
noncovalent functionalization of BP. For this purpose, THF
turned out to be the most appropriate solvent, since it does
not react with TCNQ.

For the preparation of the targeted noncovalent hybrids
between BP and TCNQ, a mixture of ground BP (ca. 5 mg) in
a 107°M solution of TCNQ in THF (3mL) was stirred
vigorously in the glovebox for a minimum of 3 days,
throughout which time the O, content was carefully con-
trolled. Indeed, the high quality of the solvent was also
reflected in the absence of water absorption peaks in the NIR
spectra at around 1430 nm (see Figure S1). Subsequently,
a dark colloidal suspension exhibiting the characteristic
Faraday-Tyndall effect was obtained. The first clue of success
was offered by UV/Vis spectroscopy, which showed the
exclusive formation of a species (referred to herein as BP-
TCNQ) with a similar UV/Vis spectrum to that of the TCNQ
dianion.

In a titration experiment, different TCNQ concentrations
ranging from 10~ to 10m were tested, while the amount of
BP was kept constant (Figure 1c). The amount of TCNQ*~
decreased with the concentration, so that a marked shift in the
bands was observed at concentrations higher than 10 M. Free
TCNQ only appeared at concentrations greater than or equal
to 107*m; therefore, the optimal working range was 10—
10~*m, which we then used for the sample preparation and
further characterization. Additional evidence for the forma-
tion of the charge-transfer complex was provided by attenu-
ated total reflectance FTIR (ATR-FTIR) spectroscopy.

In the ATR-FTIR spectrum of pristine suspensions of BP,
TCNQ, and the functionalized BP in THF (Figure 1d), the
parent TCNQ exhibited the characteristic vibration frequen-
cies of the cyano group at approximately 2224 cm™'. In stark
contrast, the BP-TCNQ complex exhibited a doublet for the
cyano group at 2199 and 2168 cm™', indicative of the
formation of TCNQ', as well as a shoulder at around
2131 cm !, related to the formation TCNQ?~ (see Figure S2).
These observations are in accord with those for previously
reported samples of TCNQ? -containing coordination poly-
mers, ! and point towards the formation of an anionic
TCNQ species on BP under inert conditions, as previously
predicted by theoretical calculations.**2*!

Compound BP-TCNQ was also investigated by scanning
Raman microscopy (SRM). Typical results are depicted in
Figure 1e-g. We selected different areas with an optical
microscope and measured the corresponding spectra with an
excitation wavelength of 532 nm (see Figure S3). All spectra
showed the characteristic modes of BP, labeled Ag', B,,, and
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A,’. We performed statistical Raman mapping for a selected
flake (Figure le). We analyzed and plotted the A,'/A.
intensity ratio, which gave a well-defined image of the
micrometric flake (with an overall thickness of ca. 20 nm,
corresponding to less than 35 layers, as subsequently deter-
mined by AFM), thus highlighting that there were no areas
with Agl/Ag2<0.4 and confirming the basal planes to be
slightly oxidized.!'!

However, significant differences were observed in com-
parison with CHP-solvent-stabilized few-layer BP, in which
A,'/AS>0.5, indicative of a redox reaction with TCNQ as
well as degradation by oxygen.!'”! Control experiments under
inert conditions revealed very similar results (average Agl/Ag2
ratio around 0.6), thus showing slight oxidation in the basal
plane (see Figure S4). Consequently, we searched for the
characteristic bands of anionic TCNQ. Well-defined v; and v,
modes at approximately 1580 and 1329 cm ™', respectively,
were encountered at the flake edges, whereas only broad
contributions were measured in the basal planes, thus
pointing towards a preferential accumulation of TCNQ at
the edges (see Figure S4b).*’!

Despite the contributions from residual solvent and
adhesion effects, the apparent AFM thickness provides
useful information about the exfoliation degree of BP-
TCNQ. We relocated under the atomic force microscope
the same flake previously studied by SRM (see Figure S3).
The inset in Figure 1e shows a typical thickness of approx-
imately 20 nm with lateral dimensions of several microns (see
Figure S5).

The characteristic degradation protuberances usually
ascribed to the formation of H;PO; and/or H;PO, were also
evident in the topographic image (taken after SRM analysis
was finished, that is, around 24 h after its first contact with
oxygen), thus indicating that interaction with the TCNQ
molecules did not prevent the degradation of the flakes (see
Figure S4). Thinner flakes were encountered, but they also
exhibited smaller lateral dimensions (<1 micron), thus
precluding their use in further statistical Raman analysis
(see Figure S5). Our strategy represents a milder alternative
to our previously described sonication procedure and yields
larger flakes (Figure 1e, inset; see also Figure SS5).

To obtain direct microscopic evidence of the noncovalent
functionalization of the BP sheets, we analyzed both pristine
BP and BP-TCNQ samples by real-space techniques sensitive
to both chemistry and structure, such as atomic-resolution
aberration-corrected STEM-EELS at 80 kV. Crystal sizes
were in the range of microns, as depicted in the low-
magnification high-angle annular dark field (HAADF)
image in Figure2a (top left). An atomic-resolution
HAADF STEM image of the BP-TCNQ sample acquired
down the [110] crystallographic direction with the electron
beam perpendicular to the platelet plane is also shown in
Figure 2a (right, both raw and Fourier filtered data). The
sample is highly crystalline, showing a characteristic puckered
structure that appears intact over wide regions of the order of
hundreds of nanometers. The lattice shows high uniformity
with the presence of very few defects or dislocations.
Depending on the zone axis used, the lattice can exhibit
a “dumbbell” type configuration. The observed average
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Figure 2. STEM-EELS analysis of BP-TCNQ nanosheets. a) STEM
images of a flake (BP-TCNQ, 107° m). Top left: low-magnification
HAADF image (scale bar is 200 nm); bottom left: ABF image of a flake
with the ¢ axis perpendicular to the electron beam (scale bar is 5 nm);
right: atomic-resolution HAADF images down the [110] axis (top: raw
data; bottom: Fourier filtered image). All images are in false color; the
scale bars for the atomic-resolution images are 1 nm. b) Composi-
tional maps obtained at the edge of a flake. A green rectangle in the
HAADF image at the top shows the area for which an EEL spectrum
image was acquired. The P, C, and O maps are shown, along with an
RGB overlay following the same color scheme. No significant N signal
could be detected above the experimental noise. The scale bar
represents 50 nm.

thickness (estimated from low-loss EELS measurements)
was in the 8-20 nm range, in good accordance with the AFM
measurements. Cross-sectional views of the crystals, such as
the annular bright-field (ABF) image in Figure 2a (bottom
left), show parallel fringes corresponding to interlayer
distances of 0.5-0.6 nm, in agreement with previous observa-
tions.F!

To gain additional evidence of functionalization with
TCNQ, we also analyzed the chemical composition of the
flakes by STEM-EELS. We studied a flake (ca. 10 nm overall
thick, corresponding to ca. 15-18 layers) suspended over
a hole in order to avoid any contribution from the carbon-
coated copper grid. Figure 2b shows the chemical maps
obtained from the L, ;-edges of P, the C K-edge, and the O K-
edge, with onsets near 132, 284, and 532 eV, respectively.
These maps, which are more sensitive to the surface molecule
coating than HAADF imaging, were produced by subtracting
the background by using a power-law fit and then integrating
the remaining signal below the edges of interest by using
windows with a width of 25eV. Carbon signals can be
observed on all areas, thus pointing to a homogeneous anionic
TCNQ surface coverage. Significant accumulation of carbon
can be detected on surface steps and flake edges, in agree-
ment with the SRM results. On the other hand, the oxygen
mapping reveals a residual contribution mainly located on the
edges of the flakes, probably arising from grid transfer into
the TEM holder (< 30 s). Control experiments on pristine BP
in THF also revealed the absence of carbon, thus ruling out
the presence of solvent residues in the basal plane of the
flakes. Additionally, EELS mapping showed the predominant
presence of oxygen on the edges, terraces with highly
degraded rims, amorphous edges, and the presence of holes.
These results confirmed the predicted preferential edge
degradation of BP (see Figure $6)."”
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To provide clearer experimental evidence of the non-
covalent functionalization of BP, we took advantage of the
chemical versatility of the family of perylene diimide (PDI)-
based molecules. Indeed, our group has used these molecules
for the noncovalent functionalization of carbon nanotubes,
graphene, and MoS,. They exhibit a strong absorption due to
their large aromatic core, which can become attached to the
2D layers through van der Waals interactions.*>** The
structure of the selected molecule is depicted in Scheme 1;
we used a protected EDTA-PDI molecule to avoid any
preferential interaction of the carboxylic moieties (see Fig-
ure S7 for synthetic details).” Control experiments under
strictly inert conditions revealed that NMP can generate
highly colored charge-transfer complexes with the PDI
molecules, thus exhibiting a dramatic sensitivity against
oxygen (Figure 3b; see also Figure S8). This striking result
will be fully developed and analyzed in a separate study. The
first signature of PDI functionalization was observed by
fluorescence spectroscopy (Figure 3¢). Upon excitation at
455 nm, the PDI fluorescence emission exhibited dramatic
quenching by approximately 66 % in the presence of BP, in
excellent accordance with previous studies for graphene
functionalization (Figure 3¢).**¢) Although perylene dii-
mides exhibit very strong fluorescence—which usually pre-
vents their investigation by Raman spectroscopy—we were
able to relocate appropriate flakes by AFM and record
a Raman spectrum of the BP-PDI, comprising both the
features of BP and PDI, when excited at 532 nm (Figure 3d;
see also Figure S9). In the presence of BP, complete quench-
ing of the fluorescence took place, and the characteristic
signals of the PDI spectrum were observed (Figure 3e.f; see
also Figure S10).
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The statistical analysis of Raman spectra by comparison of
the Si-normalized intensities of the v, mode of PDI with the
Alg mode of BP revealed a comparable intensity ratio
(Figure 3g; see Figures S11-S13 for additional AFM and
Raman analysis). Strikingly, when we analyzed the A,/A;
ratio after 2 days under ambient conditions, we observed an
average value of approximately 0.79, similar to that shown by
freshly exfoliated flakes and remarkably higher than that
exhibited by BP-TCNQ, indicative of non-oxidized samples
(see Figure S14). Additionally, we analyzed a substrate after
storage for 6 months in a glove box and observed no
degradation (see Figure S15). We also analyzed the thermal
stability of these flakes after exposure to air by statistical
temperature-dependent Raman spectroscopy (see Fig-
ure S16).

STEM-EELS analysis (Figure 4) further confirmed the
presence of the organic moiety on the surface of the
exfoliated crystals, showing flakes within a thickness range
of 15-50 nm (estimated from low-loss EELS). Figure 4 a (top)
shows a low-magnification image of a flake with a size of a few
microns. Flakes were crystalline, as shown by atomic-reso-
lution images. Figure 4a (middle) is an intermediate-magnifi-
cation ABF image showing long-range crystalline order. The
inset is a high-magnification HAADF image down the [110]
axis. The bottom image in Figure 4a shows a flake with the
[001] axis parallel to the electron beam. The interatomic
spacing is of the order of 5.5-6.0 A, and the surface appears
coated with an organic layer a few nanometers thick. A study
of the chemical composition by EELS is summarized in
Figure 4b, in which P (red), C (green), and O (blue) maps are
shown from the top to the bottom, along with an RGB
superposition of the three. This analysis reveals a complete
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Figure 3. Synthesis and characterization of PDI-functionalized BP nanosheets. a) Molecular structure of the PDI and PDI~. Electronic absorption
spectra fingerprints of the different PDI species. b) UV/Vis spectra of BP-PDI in THF and NMP. c) Fluorescence emission spectra of PDI and BP-
PDI in THF (cpp =10"* M, gray line); A, =455 nm. d) Representative AFM image and corresponding Raman A', (e, A, =532 nm) and Vs, intensity
mapping (f) of the same BP-PDI flakes. The numbers denote the areas in which the Raman spectra shown in (f) were recorded. g) Plot of the A',

versus v, normalized intensities.
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Figure 4. STEM-EELS analysis of BP-PDI nanosheets. a) STEM images
of a PDI-coated flake. From top to bottom: low-magnification HAADF
image; ABF image of a flake with the [110] axis parallel to the electron
beam (inset: atomic-resolution HAADF image down the [110] direc-
tion); ABF image of the edge of a flake. All images are in false color;
the scale bars, from top to bottom, correspond to 500, 20 (inset:

2 nm), and 10 nm. b) Compositional maps. The green rectangle in the
HAADF image at the top shows the area for which an EEL spectrum
image was acquired (scale bar: 10 nm). P L,;, C K, and O K maps for
this area are shown, along with an RGB overlay following the same
color scheme.

coverage of the flakes with C (the PDI moiety); this coverage
is more pronounced at the edges. Very little oxygen signal was
detected in this sample. Indeed, the measured oxygen counts
fall within the experimental noise, as the average O signal
detected on the sample was more than a factor of two smaller
than the mean square deviation (noise) for the same area or
the hole. The low signal level suggests that the PDI protective
shell, with a thickness of a few nanometers (3-5 nm visible in
the bottom image of Figure 4a), acts as an encapsulation
reagent to prevent major environmental degradation of the
BP. This effect was corroborated by AFM measurements on
single flakes before and after PDI functionalization (see
Figure S17 for further information). Further STM experi-
ments to clarify the molecular structure are currently being
performed in our laboratory.

Finally, we systematically investigated the supramolecular
interaction of TCNQ and PDI on BP by DFT calculations. In
the case of TCNQ, the oxidation of the BP flakes was
confirmed. Bader population analysis yielded a charge trans-
fer of 0.43 electrons from a single sheet of BP to an adsorbed
TCNQ molecule. An increase in the number of BP layers led
to a higher degree of electron transfer of 0.65 electrons per
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TCNQ molecule and was accompanied by an increase in the
adsorption energy from 1.3 to 1.6 eV. Owing to the lower
reduction potential of PDI, only a weak charge transfer was
calculated. See the Supporting Information for further results
of the DFT calculations.

In conclusion, we have presented herein a concept for the
bulk noncovalent organic functionalization of black phos-
phorus (BP). The wet-chemical treatment of BP with
electron-poor and polarizable polycyclic aromatic com-
pounds, namely, 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ) molecules and a tailor-made perylene diimide, led
to the formation of stable hybrids in which the organic
components cover and shield the surface of thin few-layer BP
flakes. Experimental and computational studies revealed the
nature of the strong noncovalent interaction between these
molecules and BP, thus provoking its exfoliation into few
layers. In the case of TCNQ, electron transfer from the BP to
the organic component takes place. The positive charge on
the BP surface is stabilized by the layers underneath, as nicely
supported by DFT calculations. Functionalization with the
perylene diimide dramatically improved the resistance of the
flakes against oxygen degradation. We expect that these
initial studies on the fundamental organic chemistry of black
phosphorus will provide access to unprecedented 2D materi-
als. The inherent modulation of the physical properties of
black phosphorus is likely to lead to a broad range of
applications in electronics, optoelectronics, energy storage,
sensors, and fillers for composite reinforcement, to name
a few.
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