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Phosphorus Nanorods

Phosphorus Nanorods—Two Allotropic
Modifications of a Long-Known Element
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Elemental phosphorus has been known for about 350 years.
As a result of huge scientific interest, numerous textbooks are
filled with information about this element, its different
allotropes, and its compounds. ! Like boron and carbon,
the element features tremendous structural variability, result-
ing in great diversity of physical properties and chemical
reactivity: White phosphorus, P,, forms three crystal struc-
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tures,? including a plastic phase at room temperature, and is
highly reactive with air. Violet (Hittorf’s) phosphorus forms
layers of chain polymers®! and is less reactive, whereas black
phosphorus, the conducting high-pressure modification,™ has
full 2D connectivity and is, comparably, chemically inert.
Theoretical investigations by Héaser and Bocker showed that
alternative molecular and polymeric structures can be
expected for the pure element.”) However, due to difficulties
in obtaining crystalline material no more allotropic forms,
such as red phosphorus have yet been structurally well-
characterized.

Recent research has shown that copper halides can be
used as a unique synthetic tool towards the formation of
compounds with new phosphorus-based architectures, such as
low-charged phosphorus polyanions and phosphorus chalco-
genide cage molecules.'!) Furthermore, polymeric phospho-
rus strands are readily formed as their copper iodide adducts
by treating stoichiometric mixtures of CuX (X =Br, I) with
elemental P. Compounds of this kind include two different
[P),] polymers in (Cul)sP,/'” and in (Cul);Pp,,I" respec-
tively, and a [P,,] polymer in (Cul),P,,."l The separation of
the pure phosphorus strands from the copper halide matrix
represents an intriguing chemical challenge and should help
to verify the theoretical investigations. Herein, we report the
isolation and characterization of the ![P,] polymers which
are present in (Cul)sP;,— '[P8]P4(4)[ (1)—and in (Cul);P,,—
[P10]P2[ (2; Figure 1)—by a low-temperature route.!"”)

Figure 1. Structure of a) 1 and b) 2 as observed in their adducts to
copper iodide. Data for 1 are taken from reference [12].

The copper iodide adducts were obtained by a typical
high-temperature synthesis and the resulting crystalline
materials were subsequently treated with an aqueous solution
of potassium cyanide at room temperature. For both crystal-
line (Cul)¢P;, and crystalline (Cul);P;,, the surfaces of the
crystals were destroyed and dark-red/brown fibrous products
were obtained. The yields were about 99% based on
phosphorus and no elements other than phosphorus were
detected in the isolated products by energy dispersive X-ray
analysis. The colors of the two resulting products were quite
similar and differ significantly from that of amorphous red
phosphorus. Powder X-ray diffraction showed that the
reaction products were amorphous. Structural information
on 1 and 2 was obtained by high-resolution transmission
electron microscopy (HRTEM), see Figure 2. The HRTEM
images can be interpreted as showing the parallel orientation
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Figure 2. HRTEM images of a) 1 and b) 2. The parallel arrangement of
the phosphorus nanorods is clear.

of the isolated phosphorus nanorods over a range of at least
30 nm. However, the stacking periods of the rods can be
determined by means of line scans perpendicular to the
polymers. Thus, we obtained a period of 5.0 A for 1 and of
54 A for 2. The diameters present in the crystalline Cul
adducts are 3.3 A (1) and 4.7 A (2). To obtain structural
information on a local level, *'P MAS NMR spectra (MAS is
magic angle spinning) of the crystalline starting materials and
of the amorphous phosphorus allotropes derived from these
starting materials were recorded (Figure 3). The parent
compounds (Cul)gP;, and (Cul);P,, are easily distinguished,
thus reflecting the differences in the local environments of the
12 distinct phosphorus sites found in each polymer. However,
in (Cul);P,,, the situation is a bit more complicated. Due to
the packing in the crystal structure, two different polymers are
present with a different number of copper atoms coordinating
the phosphorus strands. When the metal halide is removed
from the compound, both strands become equivalent. One
has to assume that the strands show some relaxation,
especially of the bond angles, upon extraction of the metal
halide from the starting material. Compared to their starting
materials, the spectra of 1 and 2 are significantly broadened,
thus reflecting the loss of long-range periodicity in these
amorphous samples. However, the spectra obtained for 1 and
2 differ from each other, each exhibiting principally the shape
of the signal envelope of its respective starting material.
These results suggest that the individual nanorods remain
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Figure 3. a) 162.05 MHz *'P MASNMR spectra of (Cul);P;, (top) and 2
(bottom), at a rotor speed of 30 kHz; b) *'P MAS NMR spectra of
(Cul)gP;, recorded at 202.46 MHz at a rotor speed of 28 kHz (top),
and 1, recorded at 81.01 MHz at a rotor speed of 15 kHz (bottom)

unchanged when they are extracted from the adducts by an
aqueous cyanide solution. Due to the existence of two
crystallographically different strands in (Cul);P,, that
become equivalent in the pure element, it is quite reasonable
that the NMR spectra of (Cul);P,, and of 2 are not as closely
related as those of (Cul)sP;, and 1.

We conclude that copper(i) halides can be used as an
synthetic tool®™ not only for the synthesis of unknown
molecules and polymers, but also for the phosphorus poly-
mers [P8]P4(4)[ and [P10]P2[, which can readily be
extracted from the adduct compounds. By following this
approach, two novel allotropic modifications of this long
known element are established. Further investigations deal-
ing with the chemical and physical characterization of these
polymers as well as the isolation of the [P12(4)]P2[ nanorod
are in progress.

Experimental Section

The starting materials (Cul)sP;, and (Cul);P;, were obtained by
treating stoichiometric mixtures of Cul (>98%, Merck) with red
phosphorus (99.999 %, Hoechst) as formerly described.!'>!*) Cul was
purified by recrystallization from aqueous HI prior to use.l” The
purity of the adduct compounds was checked by X-ray powder
diffraction (STOE STADI P, Ge monochromator, Cuyg,). Pure
(Cul)gPy, or (Cul);P;, (1 to 5 g) was dissolved in a 1 mol L ™" aqueous
solution of KCN under an atmosphere of nitrogen. The reaction
mixtures were stirred for three days at room temperature. The dark-
red/brown residue was isolated by filtration under an inert atmos-
phere and subsequently dried by washing with aqueous KCN and
water. After the products had been dried in a vacuum, a yield of about
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99 % based on phosphorus was obtained in both cases. By means of
chemical analyses the corresponding amounts of copper (nearly
100% in each case) were determined in the aqueous solution. This
means the extraction process is quantitative and only traces are lost
during the isolation process. The pure and dry phosphorus nanorods
are fairly air-stable over a period of several weeks. However, the
chemical reactivity of the phosphorus nanorods under discussion has
to be elucidated in future experiments. Solid-state NMR spectroscopy
measurements were conducted on Bruker DSX-400 and 500 spec-
trometers equipped with high-speed MASNMR probes. Spectra were
recorded with rotor-synchronized spin echoes and relaxation delays
ranging from 60 to 300 seconds. (Cul)sP;,: P NMR (202.44 MHz,
85% H;PO,): 6 =109.0,102.8, 92.0,20.7, 50.4,21.7, 16.5, 8.0, 3.3 ppm.
(Cul);Py,: *'PNMR (162.05 MHz, 85% H;PO,): d=112.1, 102.8,
99.5, 68.4, 60.4, 52.7, 47.0, 37.1, 20.3, 14.8, 4.4, —5.3 ppm. 1: *'P NMR
(81.01 MHz, 85% H;PO,): 6=101, 15ppm. 2: *'PNMR
(162.05 MHz, 85 % H;PO,): 0 =65 ppm.

A more detailed investigation of different phosphorus poly-
morphs, especially red phosphorus from different sources, is in
progress to provide more detailed structural information and the
influence of the preparation techniques on the molecular structure.

For the HRTEM measurements, the powdery materials were
suspended in distilled water and small amounts of the suspension
were transferred onto a specimen microgrid, which has previously
been coated with a thin electron-transparent carbon film. The
investigations were carried out on particles protruding over the
edge of holes in the carbon film, thus ensuring that no additional
phase blur arising from the amorphous film decreased the contrast.
The microscope used was a Philips CM 30 equipped with a TWIN
objective lens which allows a resolution of 0.23 nm to be achieved.
The microscope was operated at 300 kV for the investigations. During
the investigations one could observe a slight tendency of the electron
beam to induce structure degradation.
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