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Nanohybrids of 2D Black Phosphorus with Phthalocyanines:

Role of Interfacial Interactions in Heterostructure

Development
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New 2D black phosphorus (bP)-phthalocyanine (Pc) nano-
hybrids have been synthesized by liquid phase exfoliation of
black phosphorus crystals in the presence of two organic dyes:
phthalocyanine (Pc) and manganese phthalocyanine (MnPc).
The key role of the metal cation in the interfacial interaction
between the organic dye and bP nanosheets was demonstrated
by X-ray absorption spectroscopy and associated with an
electron transfer between the metal cation Mn** and bP
nanosheets, which resembles a coordinative chemical bond. On

Introduction

In the frame of sustainable development and the increasing
focus on solar-energy conversion and storage technologies, the
study of heterostructures based on organic dyes absorbing light
in the Vis-NIR range and integrated with inorganic semi-
conductors is of great interest to the scientific community."
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the other hand, the interaction between bP nanosheets and
pure phthalocyanine is governed by van der Waals forces. The
fluorescence of both hybrids is significantly reduced indicating
effective separation of the photoinduced charge, implying the
formation of a heterojunction between the organic molecules
and the bP nanosheets. These findings provide important
insights into the interfacial interactions in bP-Pc nanohybrids
that are relevant for application in 2D organic/inorganic
devices.

Among organic dyes, metal phthalocyanines” have gained
great attention due to their conjugated aromatic framework,
high thermal stability, and the ability to stabilize various
oxidation states of the central metal ion. Hence, several
applications have been envisaged as optical, (photo)electronic
and spintronic devices, organic photovoltaic cells, in photo-
catalysis and electrocatalysis for water splitting and carbon
dioxide reduction” and in the biomedical field as contrast
agents for photothermal therapy.? In this work, we investigated
the synthesis and characterization of novel nanohybrids of
phthalocyanine (Pc) and manganese phthalocyanine (MnPc)
with few-layer black phosphorus. The latter is an emerging 2D
inorganic semiconductor™ that has attracted remarkable inter-
est due to its peculiar physicochemical properties as high carrier
mobility (up to 1000 cm*/V's), high on-off current ratio (up to
10%) and a tunable direct band gap (from 0.3 eV to 2.0 eV). Few
nanohybrids of bP with metal phthalocyanines are known in
the literature. For example, Wang et al.”’ developed a device
based on CuPc-bP to study the interactions at the interface
between Pc and bP. The preparation was made by thermal
deposition of a layer of Cu(ll)Pc on a film of bP previously
obtained by mechanical exfoliation. Sarswat et al.® prepared a
sensor for the detection of thiols, through the deposition of
CoPc by solution casting from a dimethylformamide (DMF)
solution on a film of bP. Lately, other nanohybrids GaPc-bP,”
CoPc-bP® and ZrPc-bP® have been studied and have shown to
be promising in applications as optical limiting devices” and
flame retardants respectively.”

However, no works have reported the properties of the
hybrid material formed by the direct intercalation of Pc
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between bP layers using liquid phase exfoliation (LPE). This
work aimed to synthesize Pc-bP and MnPc-bP nanohybrids by
using LPE and to study their structural and photophysical
properties. We show that the presence of a metal cation in the
macrocycle can strengthen the interaction with bP.

Results and Discussions

The Pc-bP and MnPc-bP nanohybrids were prepared by
exfoliating bP crystals in the liquid phase, using ultrasonication,
in the presence of the dye. Electron microscopy confirmed the
presence of bP nanosheets in both nanohybrids, as shown by
TEM images in Figure 1 and SEM image in Figure S1. Addition-
ally, EDX (Energy Dispersive X-ray spectroscopy) was performed
on different spots and area to assess the chemical composition,
(Figure S2). The results indicate an almost homogeneous
distribution of N, P, and Mn across the nanosheet surface,
shown in both localised spots and larger area. The lateral
dimensions of the flakes range from 300 nm to 3 um and their
thickness goes from a few layers (~4 nm) to multilayers, as
evaluated from TEM images (Figures S3 and S4).

The presence of both components (bP and phthalocyanine)
in the nanohybrids was confirmed by Raman analysis (Figure 2)
and ATR-FTIR analysis (Figure 3).

The A, By, and A, vibrational modes of bare bP
nanosheets"” are located at 362, 438 and 465 cm ™' as indicated
by the black spectrum in Figure 2a. In the nanohybrids the
peaks A,', By, are shifted to lower wavenumbers by approx-
imately 5-7 cm™' (Figure 2a and inset Table). This red shift can

be ascribed to a change in van der Waals interlayer forces,
which are dominant along the stacking direction of bP. Going
from the bulk to few-layer bP results in P atoms oscillating
within the layer with greater energy, since the covalent intra-
layer P bonds are stiffer than the interlayer van der Waals
interactions and this corresponds to higher Raman shifts.">'?
This contrasts with the experimental evidence we observed.
Moreover, among the three vibrational modes of bP, Ag2 is the
most sensitive to the number of layers but, in our case, this
mode appeared less affected by the functionalization, being
red-shifted of 4-5cm™. In agreement with the literature®
phthalocyanine molecules allocate between bP layers (Fig-
ure 2b) forming a heterostructure. This leads to different
oscillations of P atoms falling perpendicularly to the layers,
resulting in an increase in Raman scattering energy, especially
in relation to the A;' and B,, modes, as was, indeed, observed.
Such behavior was already proved featuring hybrids where the
phthalocyanine molecules are adsorbed in a stacked planar
geometry onto bP layers® at intermolecular distances™ of ~3.2
and 3.3 A with remarkable stability, as shown by calculated
adsorption energies of up 2.75 eV for metal-Pc.

The integrated intensity ratio of the A,'/AS? is sensitively
associated with sample oxidative degradation.'” We, therefore,
analyzed the Aj'/A;/ integrated intensity ratio of the Raman
spectra for both nanohybrids, collecting 0.6+0.1 for MnPc-bP
and 0.7 +0.1 for Pc-bP. Since these values are > 0.6 on average,
even though they are close to the threshold,"™ we can assume
that significant oxidation events have not occurred with the
functionalization. For comparison purposes, the Raman spectra
of physical mixtures Pc/bP and MnPc/bP were collected and

Figure 1. TEM images of the hybrid a) Pc-bP and b) MnPc-bP with inset of the structure of phthalocyanine (Pc) and manganese phthalocyanine (Mn-Pc)

respectively.
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Figure 2. a) Raman spectra of bP, Pc-bP and MnPc-bP after being suspended in THF, deposited on a glass slide, and dried; inset Table: Raman shift values of
the three characteristic vibrational modes; b) Schematic representation of possible allocation of phthalocyanines between the layers, impacting the vibrational

modes.

showed a clear overlap with the signals of bulk bP (see
Figure S5), suggesting a very poor interaction between the
components.

Figure 3 shows the ATR-FTIR spectra of the two nanohybrids
in comparison with their respective pristine phthalocyanines
and physical mixtures between bP and the dye (samples Pc/bP
and MnPc/bP). The IR spectra of phthalocyanines result from
the envelope of vibrations of different structures, such as
porphyrin macrocycles, isoindole, benzene, C—N=, and N-H.
The main absorption bands are easily identifiable: in the range
600-2000 cm™' there are bond bending vibrations with a
distinctive fingerprint, whereas in the range 2000-4000 cm™',
there are bond stretching vibrations, generally less intense. In
the case of Pc (Figure 3a), the stretching of the N—H bond can
be found at 3272 cm™' and the C—H stretching vibrations are
observed between 3100 and 3000 cm™". The absorptions of C=C
at 1608 cm™' and 1498 cm™' are due to the benzene ring whose
C—H bending can be found at 1435 and 1319 cm™".

Porphyrin C=C stretching, and C—H bending are at 1458 and
1275 cm™', respectively, while monosubstituted vinyl absorbs at
998 cm™' (very intense vibrational mode diagnostic of metal-
free Pc)." The bands C—N and C=N are in the range 1320-
1310 cm™". Out-of-plane deformation of porphyrin, C—H defor-
mation, and C—H out-of-plane in porphyrin can be found at
613, 712, and 869 cm™, respectively."® These absorptions are
also present in both the physical mixture Pc/bP and the
nanohybrid Pc-bP without substantial changes, with only weak
variations in the region of C—H deformation below 800 cm™'-
(see the green dotted box). This suggests that most of the Pc
contained in the hybrid sample does not establish strong
interactions with bP.

As opposed to Pc, MnPc shows more interesting modifica-
tions in the ATR-FTIR spectrum once is coupled with bP due to
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the interaction between MnPc and bP. In detail, Figure 3b
presents a comparison between MnPc-bP, physical mixture
MnPc/bP and MnPc. The latter shows absorption peaks
diagnostic of metal phthalocyanines!”'®: the symmetric stretch-
ing vibration in phenyl rings at 3053 cm™', the C—C stretching
vibration in pyrrole ring at 1636 cm™', the aryl and in-plane
bending of C—H between 1552 and 1409 cm™', the C—C and
C—N isoindole stretching at 1331 and 1289 cm™' respectively,
the in-plane C—H bending and in-plane deformation at 1120
and 1076 cm™', the C—H out of plane deformations at 902 and
753 cm™', the C—N deformation at 774 cm™' and the porphyrin
macrocycle ring deformation at 719 cm™". The N-H stretching is
not present in agreement with the metal (Mn) substitution. The
spectrum of MnPc/bP is perfectly superimposed on that of
MnPc, suggesting that no interactions between the dye and bP
occur by simply mixing bP and MnPc. The absorptions at 1714
and 1366 cm™, present in both MnPc and MnPc/bP (evidenced
by stars in Figure 3b), are not ascribable to MnPc and are
possibly due to residues of the synthetic procedure of the dye
as proved by their disappearance in the spectrum of MnPc-bP
whose synthesis involves several solvent cleaning steps."”
Going to the spectrum of the nanohybrid, MnPc-bP, the main
signals of the dye are still present. However, some interesting
differences can be observed, particularly in the stretching
vibration of the pyrrole ring (1630-1640cm™") and in the
frequency range associated with the aryl and in-plane bending
of C—H between 1550 and 1400 cm™'. In addition, the shape
and intensities of the absorptions in the characteristic C—H
bending zones are different with particular emphasis to the
signal at 1076 cm™', whose intensity slightly decreased (both
regions of interest are evidenced in Figure 3b by a green box
with a dotted line). These data suggest the occurrence of a
localized interaction of bP with the aromatic and heteroar-
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Figure 3. ATR-FTIR spectra of a) Pc-bP and b) MnPc-bP nanohybrids with their corresponding physical mixtures Pc/bP and MnPc/bP and phthalocyanines.
Spectra are translated for mere graphical needs. The symbol* is referred to an impurity.

omatic rings, as confirmed by the reduction of C—H stretching
intensity (see arrows in Figure 3b).

The UV-Vis Diffuse Reflectance (UV-Vis DRS) spectra were
measured for both nanohybrids Pc-bP and MnPc-bP and
compared with the respective pristine dye, as shown in
Figure 4a) and b). As known from the literature,”**" manganese
phthalocyanine shows typical electronic spectra with three
absorption regions: one is in the UV at about 300-400 nm (B
band or Soret band), the second absorption is located between

Chem. Eur. J. 2025, 31, €202403570 (4 of 7)

470 and 560 nm and is induced by the charge-transfer (CT)
exciton of unsaturated manganese ions at the molecular center,
the last one is the Q-band located in the visible region at 600-
700 nm. The latter is attributed to m-n* transition from the
highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of the Pc ring. The B
band arises from the deeper & levels to the LUMOQ."2%%*

In Figure 4a), the UV-Vis spectrum of the Pc-bP nanohybrid
shows a pattern similar to the parent dye, indicating that there
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Figure 4. UV-Vis DRS spectra of a) Pc and Pc-bP and b) MnPc and MnPc-bP and fluorescence spectra in DMF of ¢) Pc and Pc-bP and d) MnPc and MnPc-bP.

is no relevant electronic interaction between the two compo-
nents. In contrast, for MnPc-bP, the formation of the nanohybrid
is accompanied by an extensive broadening of the Q-band and
B band, as shown in Figure 4b). This suggests an electronic
interaction in the ground state with bP playing as a quencher
of the electronic excited states of the phthalocyanine
moiety.?*#!

Excited state photoluminescence studies have been con-
ducted to probe the photoinduced charge transfer process
between bP and phthalocyanines. The steady-state fluorescence
spectra of the native dyes reveal a strong fluorescence intensity
with a peak maximum at A=691 nm and 689 nm for Pc and
MnPc respectively, meanwhile going to the corresponding
nanohybrids a clear reduction of emission intensity is observed,
see Figure 4c) and d), which can be associated to an electron
transfer between the phthalocyanine ring and bP.”

To disclose the oxidation state of phosphorus in the newly
synthetized samples, Pc-bP and MnPc-bP, P 2p core level XPS
spectra were measured and compared with that of pristine bP
(see Figure S6). Meanwhile in the latter sample it is observed
the characteristic doublet of elemental phosphorus® with the
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P 2p;, and P 2p,, peaks located at 129.7 and 130.6 eV
respectively, the samples functionalized with phthalocyanine
show a high degree of oxidation, as testified by the presence of
a broad peak centered at 134.5 eV, that accounts for oxidized
phosphorus species, as P-O and P=0."Y With respect to the
Raman spectra of Figure 2a, the limited probing depth of X-ray
photoemission suggests that the initiation of oxidation is
restricted to the topmost layers of the nanohybrids. Interest-
ingly, in the case of MnPc-bP the amount of oxidized P species
is lower than in Pc-bP, seemingly the stronger interface
interactions between MnPc and bP help to protect the bP
surface from unavoidable ambient oxidation.””!

Due to the very low content of manganese (0.56 wt%) in
MnPc-bP as assessed by ICP analysis, Mn could not be detected
by X-ray photoemission spectroscopy. Therefore, a more
sensitive technique such as Near Edge X-ray Absorption Fine
Structure (NEXAFS) study was employed for further under-
standing of the molecule-substrate interaction.

The N K-Edge spectra (Figure 5a) show multiple absorption
peaks. They are commonly associated with transitions from the
N 1s core level to the empty states located on the pyrrole
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Figure 5. NEXAFS spectra measured at the a) N K-edge and at the b) Mn L;-edge on thin films on Au substrates of Pc-bP, MnPc and MnPc-bP.

macrocycles, mainly of nx symmetry, in the energy region 399-
406 eV, and of o* character, above 406 eV. In the case of the Pc-
bP nanohybrid, the measured transitions correspond to the
ones reported in the literature® for pristine Pc, suggesting Pc
molecules are not strongly interacting with bP nanosheets, but
most likely are physiosorbed on bP surface. A different situation
was observed when the macrocycle contains Mn®" since
NEXAFS spectra of MnPc-bP show a strong attenuation of the
N-K edge transition to the first empty state in comparison to
pristine MnPc film, pointing that a charge redistribution has
occurred. MnPc has two peaks at 398 and 399.5 eV and a broad
band above 406 eV, (see Figure 5a). MnPc-bP shows, beyond
the band above 406 eV, only one peak at 401 eV in the region
typical of mx transition, thus a shift of 1.5 eV to higher energy
meaning N atoms much poorer from the electronic point of
view.

Concerning the Mn L; absorption edge, the MnPc film
shows three distinct multiplet features (see Figure 5b) at 640,
641.2, and a shoulder at 643.2 eV, in agreement with the
literature. For the nanohybrid MnPc-bP, it is observed a
variation of intensity, and there are mainly two peaks at 640.4
and 641.6 eV (both shifted of A=+ 0.4 eV), indicating electron
doping of the molecules.”” The interaction of Mn?* with bP
affects the N atoms coordinated to the metal center, confirming
that a charge redistribution process takes place from the dye
MnPc towards P atoms of bP in agreement with UV-Vis DRS and
fluorescence data shown above. On the other hand, there is no
sign of chemical interaction between Pc and bP; this means the
metal cation’s presence is decisive in establishing a strong
electronic communication between Pc and bP nanosheet. The
latter can be seen as a 2D polydentate phosphine ligand,*”
where the lone pairs of P atoms coordinate via c-donation to
the Mn?>* center and there is a n-back donation from the metal

Chem. Eur. J. 2025, 31, €202403570 (6 of 7)

to bP. This interaction justifies that Mn and its coordination
environment, i.e. N atoms of the dye, are more electron-poor
compared to pristine MnPc.®" This can be rationalized consider-
ing MnPc molecules are arranged parallel to the surface of bP
nanosheets to facilitate the interaction of bP lone pairs with the
axial vacant sites in Mn?", resulting in the formation of a vertical
heterostructure.

Conclusion

The paper describes the preparation and characterization of
heterostructures between black phosphorus (bP) and phthalo-
cyanine (Pc). The synthesis was performed via wet chemistry, by
liquid phase exfoliation (ultrasonication) of bP crystals in the
presence of the organic dye. The interaction between Pc and
bP was studied using various techniques including Raman, FT-
IR, UV-Vis, fluorescence, and NEXAFS. The results showed that
bP exhibits electron-donating behaviour towards the interca-
lated Pc. Changes in UV-Vis DRS and IR spectra indicated a
strong interaction between MnPc and bP, while the interaction
pattern was unaltered in the case of Pc-bP. Fluorescence
spectra confirm strong 7-m interaction between the lone pairs of
P atoms of bP and the aromatic ring of Pc leading to
fluorescence quenching in the nanohybrids. NEXAFS measure-
ments revealed that the interaction of pure Pc with bP can be
seen as a physisorption governed by van der Waals forces while
when the Pc molecule contains Mn?", the interaction is mainly
of a chemical nature due to coordinative bonds between P
atoms lone pairs and empty d orbitals of Mn?*. All these
findings provide an understanding of the intimate Pc-bP and
MnPc-bP interfacial interaction that can be relevant for the
development of 2D organic-inorganic heterostructure with
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potential applications in various optoelectronics devices. In
particular, the heterostructures should be optically sensitive
and according to recent literature,*? in case of MnPc-bP hybrid,
owing to incorporation of magnetic cations it could be utilized
for applications in spin-related photodetection.
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