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Ag:SnP;: A Polyphosphide with a Unique ! (P,)
Chain and a Novel Ag;Sn Heterocluster®*

Mikhail M. Shatruk, Kirill A. Kovnir,
Andrei V. Shevelkov,* and Boris A. Popovkin

The numerous polyphosphides known to date exhibit a
variety of compositions and structures.l!! The combination of
two different metals, which leads into the realm of ternary
phases, is deemed an effective approach for seeking novel
structure types. Here we describe the new polyphosphide
Ag;SnP,, which possesses a unique crystal structure composed
of infinite one-dimensional !(P,) chains which are intercon-
nected by discrete Ag;Sn heteroclusters (Figure 1). Both

Figure 1. A view of the crystal structure of Ag;SnP,. Dark circles: P, white
circles: Sn, shaded circles: Ag. The M—P bonds are omitted for clarity.

structural fragments were previously unknown. The com-
pound was unexpectedly obtained during investigations of the
possibility to partially substitute silver for tin in tin-based
clathrates.’) The composition Ag;SnP, was established by
single-crystal X-ray diffraction and further confirmed by a
stoichiometric synthesis of the monophase product in an
ampoule.

The .l(P;) chains are built up from P chair fragments that
are interlinked by additional two-bonded P atoms. The
linkage occurs at opposite sides of each P, ring. Hence, there
are two three-bonded and five two-bonded phosphorus atoms
per formula unit (Figure 2a). The interatomic distances within
the chain lie in the range 2.18-2.20 A, which is characteristic
of conventional P—P bonding.'! The phosphorus partial
structure is therefore consistent with the formulation
+(P77): P~ =(3b)P,°(2b)Ps'~. Consequently, the formal
charge on the Ag;Sn heterocluster is +5. The tetrahedral
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Figure 2. Fragments of the crystal structure of Ag;SnP,: a) a section of the
polyphosphide chain; b) the (AgzSn)>* cluster and its surrounding by
phosphorus atoms. The M—P distances vary from 2.59 to 2.62 A (Sn—P) and
from 2.49 to 2.58 A (Ag—P).

coordination of each phosphorus atom is completed by metal
atoms.

The distorted tetrahedral heterocluster (Ag;Sn)** is elon-
gated along one of its edges (Ag2—Ag2 3.23 A) towards a
butterfly shape (Figure 2b). The other edges correspond to
three Sn—Ag bonds (two of 2.85 A and one of 2.83 A) and two
Ag—Ag bonds (2.90 A). The Ag—Ag and Sn—Ag distances are
comparable with those of SrAg,Sn* and Ag;Sn.’! The
coordination number of six for each metal atom is achieved
by three Sn—P or Ag—P bonds, which complete the distorted
octahedral environments around the metal atoms. The M—P
distances are similar to those of Ag;Py,[) and NaSnP."l The
coordination of Ag and Sn is quite usual, and the formal
oxidation states of +1 and +2, respectively, are reasonable.
With such a formal charge distribution, semiconducting
behavior is expected. Indeed, according to conductivity
measurements, Ag;SnP; is a narrow-gap semiconductor
(E,~0.2¢eV).

Molecular orbital calculations® at the Extended Hiickel
level on the discrete (Ag;Sn)’* heterocluster reveal that
mainly the s orbital of Sn and d orbitals of Ag contribute to
bonding between the metal atoms. The contribution from the
closed-shell d'° silver centers should not be exaggerated, even
though the Ag—Ag distance of 2.90 A, which is 0.02 A shorter
than in the metal, suggests that the d'°—d' interactions are
attractive,” and d electrons should be considered in the
electron count. Evidently, the p orbitals of Sn and the s and p
orbitals of Ag are involved predominantly in twelve external
M—-P bonds per cluster. Twelve electron pairs are thus
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donated from the 32-electron heterocluster to provide the
closed-shell eight-electron configuration of the phosphorus
atoms. This leaves eight electrons for internal bonding and is
consistent with four 3c—2e bonds in the (distorted) tetrahe-
dral cluster.

The only previously reported example of a mixed poly-
phosphide with a transition/post-transition metal heteroclus-
ter is Cu,SnP,,.'% Its crystal structure also contains distorted
tetrahedral units (towards pyramidal Cu;Sn). However, the
phosphorus partial structure consists of discrete adamantane-
like Py, cages, which are interconnected by Cu;Sn hetero-
clusters and additional copper atoms. The discovery of
Ag;SnP; indicates that the nature of the metal atoms may
play a crucial role in defining the structure of phosphorus
structural fragments and their interconnection.

Experimental Section

Ag;SnP;: silver, tin, and red phosphorus in the stoichiometric ratio were
used as starting materials (1 g in total). A few crystals of Snl, (ca. 0.01 g)
were added to the mixture to provide effective vapor-phase transport.
Annealing twice in an evacuated silica ampoule (inner diameter 6 mm;
length 5cm; 823 K for 7 d, slow cooling to ambient temperature) with
intermediate grinding of the products gave a black monophase product. No
impurities were detected by X-ray diffraction (as a small amount of Snl,
was added to the original mixture this observation means that formation of
iodine-containing substances is negligible). All attempts to synthesize
Ag;SnP, without the use of Snl, led to low yields.

A single crystal for the X-ray structure determination was found among the
products of annealing a mixture of tin, silver, tin(tv) iodide, and red
phosphorus in the ratio Sn:Ag:Snl,:P =17.5:4.5:2:22 (conditions were as
above).
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Fixation of Dinitrogen to a Mesoscale Solid Salt
Using a Titanium Oxide/Conducting Polymer
System™**

Katsuyoshi Hoshino,* Masaki Inui, Takashi Kitamura,
and Hiroshi Kokado

Since Schrauzer and Guth!l reported the photocatalytic
reduction of dinitrogen on titanium oxides under mild
conditions, efforts have been devoted to prepare more
effective catalysts and to understand the reaction mecha-
nism;? such N, fixation under mild conditions is an important
goal of many research groups.’! However, the products of this
reaction are gaseous ammonia (major) and hydrazine (trace);
solid products which are easily isolated, manipulated, and
characterized, have not been synthesized by this process.
Herein, we describe a system to fix N, as an ammonium
perchlorate salt, which has a structure of mesoscale needles.
Dinitrogen fixation to this salt occurs upon white-light
irradiation of a titanium oxide/conducting polymer system
under ambient temperature and pressure conditions. The
needles grow from the conducting polymer matrix and
increase in size and abundance with irradiation time and
intensity. The formation of such structures as a result of N,
fixation is explained on the basis of ammonia synthesis on the
oxide coupled with perchlorate dedoping of the conducting
polymer.

The system used here is a composite of poly(3-methylthio-
phene) (P3MeT) and a titanium oxide, both of which were
prepared electrochemically. A solution of 3-methylthiophene
(3MeT, 0.08m) and tetrabutylammonium perchlorate
(TBA*CIO4~, 0.1m) in dichloromethane was subjected to
galvanostatic electrooxidation at a temperature 7 of 13°C for
a time ¢ of 400s with a constant current density j of
1.5mAcm2 in a one-compartment cell.l! The cell was
equipped with a titanium oxide anode (2.14 cm?) and a Pt
plate cathode (2.14 cm?). An electrochemically synthesized
titanium oxide (ETO) layer on the anode was formed by the
anodic oxidation®! of a Ti plate in a CH,Cl, solution
containing 0.1m of TBA*ClO,~ under galvanostatic condi-
tions of j=0.7 mA cm~2, T=20°C, and =970 s. The Ti plate
(>99.5% purity) contained impurities such as Fe (0.250 %), K
(0.013%), O (0.200% ), and N (0.050 % ); prior to the anodic
oxidation the plate was degreased and etched by dipping in
aqueous HF (5%, 5 min) and then in an HF (1% )/HNO;
(3% )/H,0, (10 %) mixture for 30 s. In addition, prior to the
deposition of P3MeT, the ETO layer was washed in trichloro-
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