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A 2D material few-layer black phosphorus (FLBP) has promising applications in various fields of 

chemistry and physics due to its unique electronic and optical properties. Chemical functionalization of the 

FLBP surface is an effective strategy for improving the oxidative stability of the material, tuning its 

intrinsic properties or endowing it with new properties. The present work proposes an approach to the 

immobilization of the [NiBr2(phen)] complex (phen = 1, 10-phenanthroline) on the FLBP surface via 

covalent functionalization of FLBP with 1,10-phenanthroline and subsequent complexation with NiBr2. The 

obtained FLBP-based materials functionalized by the [NiBr2(phen)] complex were characterized by a set of 

physicochemical methods such as transmission electron microscopy, atomic force microscopy, solid-state 

NMR, energy-dispersive spectroscopy, Raman spectroscopy, and IR spectroscopy. 
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INTRODUCTION 

In the past decade, the physics and chemistry of 2D materials based on black phosphorus (BP) has witnessed rapid 

development. After the BP-based 2D structures such as the few-layer black phosphorus (FLBP) and phosphorene 

(phosphorus analogue of graphene) were prepared, there has been much work to study the physical and physico-chemical 
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Thus, the present work considers the possibility of using diazonium chemistry for the covalent functionalization of 

FLBP by 1,10-phenanthroline to immobilize the [NiBr2(phen)] complex on the surface of a phosphorus 2D material. 

EXPERIMENTAL 

Physico-chemical methods 

The transmission electron microscopy (TEM) images of FLBP particles were recorded on a Hitachi HT7700 (Japan) 

transmission electron microscope at an accelerating voltage of 100 kV. The samples were deposited on a 300 copper mesh 

with a Lacey carbon film (Agar Scientific). The energy-dispersive X-ray spectroscopy (EDS) experiments were conducted 

inside a TEM column operating at an accelerating voltage of 300 kV, where the sample was tilted by 15° to increase the EDS 

signal. The EDS spectra were obtained during a 10-second electron beam exposure. 

The surface morphology of FLBP particles was studied in air by atomic force microscopy (AFM) in semi-contact 

mode on a Titanium microscope (NT-MDT, Russia) using a standard NSG-01 silicon cantilever (NT-MDT, Russia) with  

a resonant vibration frequency of 120 kHz. The substrate was a monocrystalline silicon plate containing silicon dioxide on its 

surface. The sample was prepared by a dropwise deposition of a suspension (5 µL) of the studied particles in acetonitrile and 

drying it in a vacuum. 

The IR spectra were registered in the region of 4000-500 cm–1 with a resolution of 2 cm–1 on a Bruker Vertex 70 

FTIR spectrometer equipped with a PIKE MIRacle single reflection ZnSe ATR unit. The background spectra obtained by 64 

scans with a resolution of 2 cm–1 were subtracted from the spectra of the samples. 

The Raman spectra were registered on a Bruker SENTERRA spectrometer using linearly polarized 532 nm light. 

The laser beam was focused on the sample surface using a 100x objective with a numerical aperture of 0.9 (configuration 

180°). The laser power in spectroscopic experiments was 2 mW. The exposure time was 60 s. The Raman spectra were 

registered in the 45-3700 cm–1 range with a resolution of 3-5 cm–1. 

The UV-Vis absorption spectra were recorded on a Specord 50 Plus spectrophotometer (Analytik Jena AG, 

Germany) in 10 mm quartz cuvettes. 

The 31P MAS NMR spectra were recorded on a Bruker NMR AVANCE 400 WB spectrometer at 293 K. The 

measurements were carried out on 31P phosphorus nuclei at a frequency of 162.056 MHz using a MAS 4 BL CP BB DVT 

sensor. The studied samples were placed in a 4 mm zirconium oxide rotor. The samples were rotated at a magic angle at  

a rate of 12 kHz. The duration of exciting 90-degree pulses for phosphorus nuclei was 3.4 µs. The spectra were recorded 

using standard pulse programs zg, hpdec, and cp. The total number of scanned points was 2048 (in all experiments), the 

number of scans in the FID trace varied from 256 to 512 to obtain an acceptable signal-to-noise ratio. The time between FID 

accumulations in the experiments on phosphorus nuclei was 20 s. The width of the obtained spectra was 69.5 kHz. The time 

in cross-polarization experiments varied from 1 ms to 5 ms to obtain the maximum signal. 

The 1H NMR spectra were registered on a Bruker Avance III spectrometer at a frequency of 400.13 MHz. Chemical 

shifts (δ) are given in ppm relative to the external standard tetramethylsilane. 

The elemental analysis was carried out on an Elementar vario MACRO cube CHNS analyzer (Elementar Analysen 

system GmbH, Germany). 

Initial substances and reactants 

The initial reagents were prepared and experiments performed in an inert atmosphere (nitrogen) using a standard 

Schlenk flask and a glove box. 

The solvents acetonitrile (Khimmed, reagent-grade), DMF (Ekos-1, reagent-grade), isopropanol (Ekos-1, reagent-

grade), DMSO (Ekos-1, reagent-grade), chloroform (Komponent-reaktiv, reagent -grade), and THF (Ekos-1, reagent-grade) 

were absolutized using standard techniques [22] and stored under nitrogen atmosphere. Ethanol (95%) was used as-prepared. 
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Preparation of FLBP. FLBP was prepared by the electrochemical exfoliation of BP. To this aim, a solution of 

Bu4NBF4 (0.01 M) in DMSO (15 mL) was prepared in a 100 mL Schlenk flask. A BP cathode was placed in this solution the 

way that the BP clamp did not touch the solution. The anode was a Pt wire placed in the solution at a distance of ~1.5 cm 

from the BP. The electrodes were then connected to a power source, and the applied voltage was gradually increased from 

1 V to 5 V within 5 min. Then the voltage was increased up to 10 V and maintained for 20 min. During the electrolysis, the 

electrode swelled significantly and gaseous products were released. After completing the exfoliation process, the swollen 

electrode was placed into a Schlenk flask with 5 mL of acetonitrile, and then the resulting mixture was sonicated for 1-2 min 

to remove the exfoliated FLBP from the BP surface. The obtained FLBP suspension was centrifuged at 9000 rpm, the 

precipitate was redispersed in a new portion of acetonitrile. This procedure was repeated several times to purify the FLBP. 

Finally, the FLBP was redispersed in THF, placed in a Schlenk flask and dried under vacuum. Solid FLBP was stored under 

nitrogen atmosphere. 

Synthesis of FLBP–phen. The FLBP (10 mg) prepared by electrochemical exfoliation of BP was added into  

a solution of 5-amino-1,10-phenanthroline (97.5 mg, 0.5 mmol) in DMF (15 mL). The mixture was dispersed by sonication 

for 1 h and followed by the addition of isopentyl nitrite (0.13 mL, 1 mmol). The resulting suspension was heated to 80 °C and 

stirred at this temperature for 8 h. The functionalized FLBP particles were washed with DMF and several times with 

acetonitrile using successive centrifugation–decantation–redispersion procedure, placed into a Schlenk flask, and dried in  

a vacuum. 

Preparation of FLBP–phenNiBr2. NiBr2 (25 mg, 0.11 mmol) was dissolved in DMF (5 mL). FLBP–phen (5 mg) 

was added to the obtained solution. Then the mixture was dispersed by 6 h sonication and stirred for 18 h. The functionalized 

FLBP particles were washed with DMF and several times by acetonitrile using successive centrifugation–decantation–

redispersion procedure, placed into a Schlenk flask, and dried in a vacuum. 

RESULTS AND DISCUSSION 

The functionalization of FLBP was performed using an approach based on the in situ generation of a diazonium salt 

and subsequent reaction with FLBP obtained by the BP exfoliation by adding isopentyl nitrite to the mixture of FLBP and the 

amino derivative of 1,10-phenanthroline (Scheme 3). This approach was earlier successfully used for the functionalization of 

carbon nanotubes with various nitrogen-containing heterocyclic compounds [26]. 

 

 
Scheme 3. FLBP functionalization with a phen-NH2 amino derivative. 

 

The 1,10-phenanthroline amino derivative (namely, 5-amino-1,10-phenanthroline (phen-NH2)) was prepared 

according to the two-step synthesis shown in Scheme 4. First, phen was converted into 5-nitro-1,10-phenanthroline (phen-

NO2) by a nitration reaction using nitric acid and oleum. Then the nitro group of the resulting product was transformed into 

an amino group by reducing phen-NO2 by hydrazine in the presence of the Pd/C catalyst. The formation of phen-NO2 and 

phen-NH2 products was confirmed by 1H NMR spectroscopy. 
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CONCLUSIONS 

The immobilization of the [NiBr2(phen)] complex on the FLBP surface was performed by covalent functionalization 

of FLBP by 1,10-phenanthroline (phen) and subsequent coordination of the latter to the NiBr2 salt. The formation of the 

complex on the material surface was confirmed by electron absorption spectroscopy, solid-state NMR, energy-dispersive  

X-ray spectroscopy, Raman spectroscopy, and IR spectroscopy. The technique of immobilizing transition metal complexes 

on the FLBP surface can be used to create new types of heterogeneous catalytic systems with the possibility to regenerate the 

metal complex catalyst, as well as in various microelectronics devices and in biomedicine. 
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