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Phosphorus clusters: Synthesis in the gas-phase and possible cage-like
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The experimental results on gas-phase formation of neutral and cationic phosphorus clusters are presented. The
clusters have been synthesized by visible (532nm) or UV (193 nm) laser ablation of crystalline red phosphorus
under high vacuum conditions and analyzed using TOF mass spectrometry. Neutral P, clusters produced by 532-nm
ablation are found to be even-numbered while P} cations are mainly odd-numbered with PJ and PJ, being the most
abundant ions. For UV laser ablation, stable compound clusters, neutral P;H; and P,3Hs as wellas cations P23Hgr R
have been synthesized for the first time. Formation of P, clusters by thermal vaporization of red phosphorus into a
cold He gas has also been investigated, and only the small clusters (n < 6) have been discovered. Possible structures
of the observed phosporus clusters as well as their formation mechanisms under different conditions are discussed.
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The doscovery of fullerenes has naturally raised the
question whether carbon is unique or other elements can
also form stable closed cages. Recently there was renewed
interest in the study of phosphorus clusters [1-3] which are
expected to display a variety of structural forms. Two main
structural families have been considered theoretically —
chains and cages (polyhedra) [1,3-9]. A number of
closed-shell structures for P, clusters have been proposed as
probably energetically more stable then tetrahedral P,. Also,
the viability of prosphorus nanotubes has been theoretically
predicted [10].

The theoretical suggestions, however, are still not con-
fivmed by experiment. Only a few experiments have been
performed on clusters larger than P, [11-13]. Recently, a
wide spectrum of neutral and cationic phosphorus clusters
were synthesized in the gas phase by visible laser ablation
of crystalline red phosphorus [2]. The cationic P3; cluster
was found to be the most abundant ion. Basing on
topological analysis, it was suggested that dodecahedral
fullerene-like P,, stabilized with an additional phosphorus
ion in the laser plasma, could be particularly stable. It was
also speculated that the efficient generation of cage-like P,
clusters could be explained by the presence, in the laser
plume, of their building blocks which were already formed
in the target and ejected from its surface under irradiation.

In this paper we continue our investigations on the gas
phase formation of phosphorus clusters. This work is
focused mainly on the role of particles directly ejected
(vaporized) from the red phosphorus. Three vaporization
regimes, principally different from the viewpoint of the
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particle ejection mechanisms, have been studied: ablation
by visible (532nm) and UV (193 nm) laser ligth, and also
thermal vaporization in a carrier gas. Possible structures
of the observed P, clusters as well as their formation
mechanisms under different conditions are discussed.

1. Experimental
The apparatus used for laser ablation and cluster genera-
tion and detection was described earlier [14-16]. In brief,
the target was placed in a rotating holder in a vacuum
chamber (base pressure 107> Pa) and irradiated at normal
incidence by a 13ns FWHM laser pulse at 532nm (the
second harmonic of a Nd:YAG laser) or at incidence angle
of 45° by a 15ns FWHM ArF laser pulse at 193 nm.
Crystalline red phosphorus (also called Hittorf’s phosphorus)
of 99.999% purity (with respect to metals) was used as the
target. The laser fluence on the target was varied in the
range 0.02—0.8 J/cm? at a tixed spot area of about 0.4 mm?
with the Nd: YAG laser and about 6 mm? with the ArF laser.
The relative abundance of neutral and positively charged
particles in the laser-ablation plume was analyzed using a
reflection time-of-fligth mass spectrometer (RETOF MS).
When ions were studied, the plume was allowed to expand
under field-free conditions while the neutral particles of
the plume were analyzed using a simple plasma suppres-
sor [14]. The latter consisted of a pair of deflection plates
placed along the plume axis in front of the ion source of
the MS, where neutral particles were pulse-ionized by 90 eV
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electrons. The 900 V/cm deflection field was sufficient to
remove the plasma ions throughout the studied laser fluence
range. At a distance of 6cm (at 532-nm ablation) or 7 cm
(at 193-nm ablation) from the target, the ions, either ablated
or post-ionized, were sampled perpendicular (at 532 nm) or
parallel (at 193 nm) to the plume axis by a 500V repeller
pulse after a time delay, ty, following the laser pulse.

P, cluster formation during thermal vaporization in a
gas aggregation source [17,18] has also been investigated.
In this source, phosphorus vapor was created in a oven
at 570—620K and quenched in an aggregation chamber in a
cold He gas at a pressure of about 1Torr. The outer mantel
of the chamber was cooled with liquid nitrogen. The high
efficiency of this type of cluster sources was demonstrated
previously for a number of materials [11,17-19]. The cluster
condensed out in the quenched vapor were transported
by the gas stream through a nozzle at a temperature
of 80—100K. They crossed a differentially pumped region
and were then pulse-ionized with 90eV electrons and
analyzed with a RETOF MS.

All spectra reported here represent an average over
~ 200 pulses.

2. Results and discussion

Fig. 1, a shows the TOF mass spectra of cations species in
the plume at 532-nm ablation under “optimum” conditions
corresponding to the maximum yield of large Pj clusters
(n>9). Figs. 1,b,c illustrate typical mass spectra of P;
cations obtained at 193-nm ablation. Clearly the spectra are
quite different. At visible laser ablation, large P, clusters
are generated in abundance and their concentration in the
plume is found to be comparable with that of molecules and
small clusters. The mass distribution comprises mainly the
odd-numbered P{ clusters and is rather smooth with few
magic numbers (Fig. 1,a). The strongest peaks correspond
to P5 and P3; cations.

By contrast, at UV laser ablation, P, clusters are presented
in minor amounts in the plume. Even under optimum”
conditions the intensities of the strongest cluster peaks
are less by about two orders of magnitude than those of
molecular peaks (n=2-5). The abundance spectra rep-
resent only few individual peaks corresponding presumably
to the most stable clusters under these conditions. These
stable species consist mainly of compound (oxidized and
phosphane) clusters, again in contrast tp 532-nm ablation
in which pure P, clusters dominate. The O and H atoms
appear to come from trace impurities in the red phosphorus.
More efficient generation of compound clusters under
UV light irradiation may be attributed to photodissociation
and photodissociative ionization of the surface impurities in
this case. The generated O and H atoms and ions react in
the near-surface region with the ablated P, clusters, which
leads to formation of the stable structures.

The most intriguing feature of the mass spectra obtained
with UV laser pulses is the strong dominance of the Py;H
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cluster cation which was not observed with visible lasers.
It is particularly abundant at a very low fluence of 0.06 J/cm?
(Fig. 1,b) and is the only cluster to survive in the n > 15
range when the laser fluence is doubled (Fig. 1,¢).

A study of the ablation plume dynamics by varying
the time delay t; also revealed different cluster expansion
behavior for the two considered cases. At 532-nm ablation,
large clusters (n > 9) are found to have approximately the
same expansion velocity (about 1.6 km/s for the conditions
shown in Fig. 1,a) in spite of the large difference in their
masses. This implies a gas-phase condensation mechanism
of cluster formation rather than their direct ejection. In the
latter case one would expect the same kinetic energy of
the plume particles rather than the same velocity. However,
smaller P,, species (N < 9), and also oxidized clusters, are
mainly ejected directly from the target [2]. At 193-nm ab-
lation, the most probable velocities of the observed clusters
(Figs. 1, b, ¢) are found to decrease gradually with increasing
cluster size implying the direct ejection mechanism of cluster
generation. The ejection of the building blocks” (P;— P,)
of larger P, clusters is much less efficient as compared to the
case of 532-nm ablation and does not seem to be sufficient
for the gas-phase cluster growth.

Fig. 2 shows mass spectra of neutral clusters obtained
for the three experimental situations considered. Relatively
large P,, clusters are generated in abundance during visible
laser ablation (Fig. 2,a). The clusters are mainly even-
numbered with “magic sizes” at n = 10, 14, and 40 (the
latter is not shown in Fig. 2,a). In the n = 16—26 range,
there is a prominent local minimum at n = 22. The analysis
of cluster velocity distributions indicates again the gas-phase
condensation mechanism of their formation. For UV laser
ablation, the plume consists mostly of atoms and small
molecules among which P, dominates (Fig. 2,5). In the
larger mass region, only two neutral compound clusters
P,H; and P,;H; have been rigistered.

Fig. 2,c shows a mass spectrum of particles produced
during thermal vaporization of red phosphorus in the gas
aggregation source. Only atoms and small molecules have
been registered with such a source where the initial vapor
consists mainly of P, dimers [4]. The strongest peak
corresponds to the P, molecule. Obviously the aggregation
process in this case is terminated by the formation of the
stable tetrahedral P,. The key role of the ejection of small P,,
clusters (n = 7-9) for the gas-phase growth of larger
clusters is thus again demonstrated. It also seems likely
that such a termination of the aggregation process can be
avoided by adding a reactant gas into the chamber [11].

Of particular interest is the question about possible
structures of the observed phosphorus clusters and specif-
ically of the abundant Pj; and P,;H, cations, and P,H,
and P,;Hy neutrals. Note that the availability of compound
clusters, both neutral and ionized, can provide additional
information about the structures of the phosphorus skeletons.
In particular, the presence of an additional H atom is cationic
P,;H{ as compared to the corresponding neutral cluster
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Figure 1. TOF mass spectra of phosphorus cluster cations produced by laser ablation: (a) 532-nm laser ablation, laser fluence
E = 0.3 J/cm?, time delay ty = 37 us; (b) 193-nm laser ablation, E = 0.06 Jem?, ty = 62 us; and (c¢) same as (b) but E = 0.13 Jem?.
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Figure 2. TOF mass spectra of neutral phosphorus cluster produced under different conditions: (a) 532-nm laser ablation, E = 0.3 Jem?,
ty = 37 us; (b) 193-nm laser ablation, E = 0.06 Jem?, ty = 62 us; and (c) gas aggregation source, oven temperature is 590 K.
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Figure 3. Possible structures of some phosphorus clusters
observed in laser ablation plumes. Grey circles in (b) and (d)
show a four-coordinated P atom. Closed circles in (¢) and (d)
stand for hydrogen atoms.

support recent calculations [1,3,12] which suggest that P;
cations adopt structures with on four-coordinated atom.
The local abundance minimum at n = 22 for neutral
phosphorus clusters (Fig. 2,a) provides convincing cir-
cumstantial evidence for the presence of fullerene-like P,
clusters in the plume induced by a 532-nm laser pulse.
In fact, all the even-numbered polyhedra can be geomet-
rically realized from P,, up to Py, (some in more than
one form) except P,, [20]. The chain structure is still
possible for P,, [7] (a plausible stable structure is shown
in Fig. 3,a). One would thus speculate that dodecahedral
fullerene-like P,,, stabilized in the plasma with an additional
fourfold coordinated atom (as shown in Fig. 3,5), could be
especially stable and explain the magic number of 21 in the
cation spectra obtained from visible laser ablation (Fig. 1,a).
Since the observed compound clusters are ejected directly
from the target, they should adopt structures with skeletons
corresponding to structural groups of the red phosphorus.
We believe that the stable P,H; neutral is the cage-like
cluster consisting of 3 five-membered rings and a triangle
with three bridge P atoms and three H atoms satisfying
the dangling bonds (Fig. 3,c). This structure has been
identified by X-ray spectroscopy as the most stable P,-based
skeleton in polyphosphides [5]. Assuming a direct ejection
mechanism one can also easily desing the structure of the
magic clusters P,,H{ and P,;Hs. Their phosphorus skeleton

should represent the main unit of the infinite double *tube”
of crystalline red phosphorus which is built by successive
translation of the chain P,, cluster [21]. Fih. 3,d shows
a plausible structure for the P,;H/ ion, which needs six
H atoms to satisfy the dangling bonds (assuming that one
P atom is four-connected). In the neutral P,,Hy cluster all
P atoms are threefold.
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