R Naslain 
  
Crystal Chemistry of Boron and of Sorne Boron-Rich Phases; Preparation of Boron Modifications

Introduction

For many years, most physico-chemical studies of baron and its com pounds were made with elemental baron which was of low purity and usually amorphous or at least-very poorly cry-stall.tzed. Such a type of bo�on was generally obtained either by reduction of a �oron com pound using a highly electropositive metal (reduction of B 2 0 3by,mag nesiUin or of KBF�.J>y sodium for example), or by electrolys!s of mo�ten salts containing a borate or a fluoborate as a baron source. In all cases, the baron resulting from the reduction was separated from by products by prolonged washing in aqueous solutions, so that its purity generally was not higher than 80 ta 95%. WE INTRAUB and KAHLENBERG even made the hypothesis that in certain cases (for example MOISSAN baron obtained by reduction of B 2 03 by magnesium or alkali metals) the reaction product wa$ a boron sub-oxide, with a formula close to B6 0, rather than elernental baron. Although these materials have low purity, they are easily prepared, and their purity can be greatly improved by outgasing in high vacuum and at a temperature near ta the melting point of baron. The products resulting from chemical or electrochemical re duction of borie oxide, baron trifluoride, borates or fluoborates, are now utilized as starting raw materials in obtaining hïghly pure baron when subjected ta purification cycles involving baron halides as prin cipal intermediates (MOISSAN, 1892 a,b;WE INTRAUB, 1909;KAHLENBERG, 1925;. ANDRIEUX, 1929;COOPE R, 1945, a, b;SOWA, 1949;COOPE R, 1951 a, b;SPE VACK, 1954;ANDRIE UX and DEISS, 1955;MIKHE E VA et al., 1957;a, b, c;HAAG, 1957;COOPE R et al., 1959;YANNACAKIE S and NIE S, 1960;FINN et al. , 1960 ;-SAMSONOV et al. , 1960;COOPE R 1961 ;SCHOTT et al. , 1963).

The first samples of highly pure crystallized baron were probably pre pared in 1909 by WE INTRAUB, by reduction of BC1 3 with hydrogen in an electric arc (W E INTRAUB, 1909).

For more than 60 years, the work of WE INTRAUB has been the basis of much research on the synthesis of baron modifications by decomposition (or by reduction with hydrogen) of baron halides either in an electric arc, or in contact with different hot substrates. These studies have led to the publication of a large number of X-ray diffraction patterns which were attributed, all tao readily, to new and different baron modifications. HOARD and NE WKIRK (1960) made a critical study of published diffraction patterns, from which they concluded that only a few baron allotropes could be accepted as definitely established, namely those which have been investigated by single crystal technique. Thus, they suggested that the other crystallized products, assumed ta be also true baron modi:Ci cntions, could be most often either a mixture of phases or boron-rich non-stoichiometric borides. These products could be the result (1) of an initial boron-substrate interaction which leads, under specific growth conditions, to phases with broad homogeneity range extending almost to pure baron, or (2) of a stabili zation of new baron frameworks by traces of impurity atoms from the gas phase.

The most recent work on products resulting from hydrogen reduction of boron halides, with special attention given to the purity of starting materials, to the use of boron itself as the substrate and relying on precise structure determination from single crystals, indicates that there may be only four, or perhaps three, crystalline forms of boron.

Tge a-rhombohedral variety {a-rh.) {a = 5.075 A; a = 58 °06; space group R3m), also called the low-temperature form or red boron, is obtained either by precipitation from melts of boron-saturated pr�cious metals, or by low-temperature (800-1200 °C) reduction of BX 3 boron halides {X = Br or I) {McCARTY et al., 1958;DECKER and KASPER, 1959;HORN, 1960;McCARTY and CARPENTER, 1960;NIEMYSKI and ZAWADZKI, 1962;AMBER GER and DIETZE, 1965;HAGENMULLER and NASLAIN, 1965;SITARIK and ELLIS, 1966;WALD, 1970;NASLAIN et al., 1970;NASLAIN, 1970).

T�e B-rhombohedral variety {B-rh.) (a = 10.145 À; a = 65 °17'; space group R3rn, also called the high temperature form, is prepared either by solidification of liquid boron, or by annealing a-rh. baron beyond the a-rh. � B-rh. transformation point, or by reduction of a baron halide with hydrogen on a substrate heated to a temperature above approximately 1400 °C (POWELL et al., 1960; BEAN and MEDCALF, 1960; STARKS and MEDCALF, 1960; GREINER, 1960; HAGENMULLER and NASLAIN, 1965; HINZ and WIRTH, 1965; ARMINGTON et al., 1965; NIE�YSKI et al., 1965; KING et al., 1965; NASLAIN, 1967; ARMINGTON et al., 1970).

Between 1000 and 14co 0 c approximately, the reduction of boron halides by hydrogen leads to two types of crystalline tetragonal phases, while the identification of a-rh. and B-rh. phases as real allotropie baron forms has not been questioned, this is not the case.for the tetragonal phases, which are still the subject of much controversy.

The first crystals_of the a-tetr. phase {a = 8.75 Â; c = 5.06 À; space group P4 2 /nnrn or P42m), also called tetr. I by some authors, were ob tained by LAUBENGAYER et al. {1943) by reduction of baron tribromide with hydrogen on a tantalum filament heated to 13oo 0 c approximately. HOARD et al. (1958) published what they considered to be the first completely established structure for an allotropie form of pure boron, ba&ed on their structure analysis of single _ crystals. However, the latest studies on the reduction of baron halides by hydrogen at 1000-1300 °C all seem to indicate that the a-tetr. phase does not occur when highly pure reagents are utilized, but that it can be obtained in a reproduc tible manner in presence of impurities such as carbon, nitrogen or even some metals. Thus, the a-tetr. phases would seem not to correspond to an allotropie form of pure boron, but in fact, could be boron-rich borides, comprising a baron framework of tetragonal symmetry, stabilized by impurity atoms {OLEMPSKA et al., 1966;MIERZEJEWSKA, 1966;AMBERGER and PLOOG, 1968; BOIRET, 1 95g; APPENHEIMER et al., ) 970; AMBERGER et al., 1910;AMBERGER and PLOOG, 1971;PLOOG and AMBERGER, 1971;AMBER�ER und SCHMIDT, 1971;PLOOG et al., 1972).

The B-tet.r. varïety •c�•= 10.12; c = 14.14 À; space group P4122), also called tetr. II or tetr. III, could be, on the contrary, a real allo tropie form of pure baron, since it has been obtained by several authors in a reproductible manner and from: highly pure reagents. The crystal structure of this boron form has not yet been established but it could be closely related to those of lithium, beryllium and aluminum borides, characterized by lattice parameters very close to those of B-tetr. baron and by the same space group (TALLEY et al., 1960 a, c;AMBERGER and PLOOG, 1968;BOIRET, 1969;AMBERGER et al., 1970;AMBERGER and PLOOG, 1971;PLOOG et al., 1972).

Boron can also occur in an arnorphous or vitreous state with remarkable mechanical properties. An important application of these properties, described elsewhere, is the utilization of fibers (or filaments) of arnorphous boron as reinforcing elements for certain types of composite materials mostly useù in the aerospace industry (TALLEY et al., 1960b;WANER et al., 1967).

Crystalline boron forms are most interesting from a physical as well as from a chemical point of view. From the physical point of view, the structural differences of various forms of boron, particularly the nature of bonding (in a-rh. and S-rh. forms especially) are reflected in quite different physical properties. From the chemical point of view, the crystalline forms of boron are much purer, because of the methods required to prepare them, than arnorphous products resulting from reduction of borie oxide, borates and fluoborates, by metals; hence, they appear to be most suitable rnaterials for the synthesis of boron compounds (e. g. borides), for which further physical studies are planned. Furthermore, the various cristalline boron modifications can differ markedly in their chemical behaviour, because of their different crystal-chemical characteristics. For exarnple, NASLAIN, ETOURNEAU and HAGENMULLER showed that under the conditions of their experiments, only the a-rh. variety combined with potassium to form K� 6 • Thus, it can be u�eful to have reproductible preparation methods for each of the various crystalline forms of'boron (NASLAIN and ETOURNEAU, 1966;NASLAIN et al. , 1967).

After s-?me general.l-considerations regarding the crystal chemistry r:'.f boron and boron-rich borides, we shall describe briefly the crystal structures of various modifications; we refer the reader to other critical reviews for further details (NEWKIRK, 1961, 1�64;HOARD and HUGHES, 1967;NASLAIN, 1972). Most of this chapter will then be con cerned with the preparation of high-purity a-rh. and s-rh. boron, the two crystalline forms which have been characterized most completely and which also seem to be the most important for practical application.

Boron Polymorphism a) General Considerations of the Crystal Chemistry of Boron-Rich Phases

Boron varieties (a-and S-rh., a-tetr. phases), as well as a great num ber of boron-rich borides, are all characterized by the existence of three-dimensional skeletons of boron atoms built from a B 12 eiementary unit, itself consisting of twelve boron atoms at the vertex positions of a quite regular icosahedron. The presence of icosahedral clusters, though rather unusual in inorganic structures, is not all that surpris ing in the case of boron-rich phases with a covalent character, in view of the electron-deficient nature of boron and the efficient manner for distributing electrons provided by the compact grouping of twelve atoms characteristic of an icosahedron.

The B 12 clusters are bound by directed bonds, either to one another or to isolated atoms, giving rise to a great variety of skeletal arrangements that is quite remarkable for an element. The variety and complexity of the crystal structures of boron and of boron-rich phases result frorn the special properties of B 12 icosahedral units and from the rules that govern the way they combine.

n) The Boron B1 2 Icosahedron

The regular icosahedron is a polyhedron with a very large number of syrnmetry elements, namely: a center of symmetry, six five-fold axes, ten three-fold axes, fifteen two-fold axes and fifteen mirror planes. The most unique feature of this polyhedron is the presence of five fotd axes, which cannot lead to either a two-or a three-dimensional iattice. A regular icosahedron can be repeated within three-dimension al lattices only by elementary translations or by utilizing addition al syrnmetry elements (Fig. 1a).

The B1 2 icosahedron is generally quite regular. It can be approximated for the purpose of packing considerations, by a sphere with a diameter of s.1 A.

B) Association Modes of B12 Ioosahedra

In a B 12 icosahedron, each boron atoms shares B-B bonds with the five closest neighbors which are related by a five-fold axis and which be long to the same icosahedron. In addition, each baron atorn shares a sixth bond that is directed outwardly from the icosahedron and which is responsible for the formation of the many kinds of three-dimension al skeletons that occur in boron-rich phases. As a general rule, the average length of intra-�cosahedral B-B bonds is greater than the length of the sixth outwardly directed bond; this property reflects the electron deficient character of the B 12 unit (Fig. •According to HOARD and HUGHES, this sixth bond would be quite rigid and preferentiaity directed along the corresponding pseudo-five-fold axis. A result of this assumption would be that in boron-rich phases the polyhedron for the ideal coordination of boron would be a pyramid with a pentagonal base. It is to be noted that while the B 7 unit does not exist in an isolation in the various forms of boron or in boron rich phases, it is however, the basic element of the crystal structure of MgB 4 magnesium tetraboride (HOARD and HUGHES, 1967;GUETTE et al., 1972;NASLAIN et al., 1973;GUETTE, 1974).

The existence of six five-fold axes in the B 12 icosahedron and the preferential orientation of outwardly directed bonds along these axes, give rise, in fact, to the complexity of the crystal structures of boron-rich phases. Indeed, in the case of a three-dimensional lattice which would contain onZy B 12 icosahedra, the assumption of HOARD and HUGHES would mean that each B 12 unit would be itself icosahedrally surrounded by twelve B 12 icosahedra and that this arrangement could be extended for a long distance. Such an arrangement is theoretically impossible. On the one hand, it would imply constructing a lattice with five-fold syrnrnetry axes; on the other hand, the exclusive use of icosahedra would result in very poor space filling. The conflict be tween maintaining the ideal orientation for the sixth bond and the impossibility of extending for long distances the five-fold syrnrnetry inherent in an icosahedron means that compromises must be made and that there must be distortions of the ideal coordination polyhedron for boron. The great variety of the structures of boron-rich phases reflects the very large nurnber of ways in which these distortions can take place.

Analysis of actually known structures shows that, except for the par ticular case of the a-rh boron, which will be discussed later, two types of three-dirnensional boron skeletons are found. In the first case, to which belong the a-tetr. phases and many borides such as NaB1s, MgAlB14, AlB 1 0, the boron skeleton consists of B 12 icosahedra bonded to each other either by direct B-B bonds, or through additional isolated atoms of boron or.of elements that readily form covalent bonds (carbon and silicon for èxample). In the second case, the lattice• formed by boron atoms can be described on the basis of complex units formed from B 12 icosahedra, such as Bi 2 (B 6 ) 12 or B 12 (B 12 ) 12 units in a-rh. boron or in Yi 6 ô-ty�e phases respectively, that in fact correspond to attempts to extend the five-fold syrnrnetry of the central icosahedron to longer distances. These complex units then combine through directed bonds to give complex three-dimensional structures.

In both cases, association through directed bonds according to the ideal orientation defined by the postulate of HOARD and HUGHES (1967) of B 12 units or of more complex B 12 (B 6 ) 12 ahd B 12 (B 12 ) 12 units, necessarily leaves voids in the structure whose size is related to the size of the basic unit of the boron frarnework itself. The stability of the crystal structure requires that these voids be filled with additional atoms, which are generally either (1) boron atoms isolated or belonging to more or less cornplex configurations according to the size of the voids, or (2) foreign atoms in the case of borides.

Boron Atom Frameworks Based on Simple B 12 Icosahedral Unit. In many boron-rich phases the boron sublattice can be described from simple B 12 icosahedral units. In this case, only some of the directed sixth bonds can be used to form inter-icosahedral linkages between adjacent units, because of the necessity to use additional syrnrnetry elements that are not characteristic of the icosahedron. The remaining boron atoms of the icosahedral units have their coordination completed by sharing a sixth bond with isolated atoms (most often boron), localized in the interstices of the B 12 frarnework. In all cases, these isolated atoms occur in such positions that the sixth bonds that they share with boron atoms of the icosahedra fulfill as best as possible the orientation condition of HOARD and HUGHES (1967). Such frameworks occur in phases derived from a-rh. and a-tetr. boron, in A1B 10 , NaB 15 or MgA1B 14 ; these two latter exarnples are particularly interesting for illustrating the principles that we wish to discuss in this section.

The Na � B 1s (with O<x<1) phases crystallize in the orthorhombic system with tne space group Imam. The B 12 icosahedra that form the boron sublattice have one of their mirror planes parallel to the be plane (Fig. 2). The structure can be described either as a stacking in the ê direction of relatively compact planes of B12 units, or as an align ment of chains of icosahedra parallel to the ê direction. In a chain, the B 12 icosahedra have one of their pseudo-five-fold axes inclined in an alternating manner at an angle of ±13 °23 to the ê direction.

The chains are bonded to each other by inter-icosahedral B-B bonds or by bonds involving isolated boron atorns (Fig. 2 and3, NASLAIN and KASPER, 1970;GUETTE, 1974;NASLAIN et al., 1976). for MgA1B 14 ), so that the presence of isolated B(6) atoms is unneces sary in the case of MgA1B 14 to complete the external bonds of B 12 units (Fig. 4). Table 1 gives for both phases, the a�angle formed by each of the twelve external bonds with the corresponding pseudo-five-fold axis of the icosahedron; it shows that the deviations from the ideal orien tation defined by BOARD and HUGHES are not equal for different cases, but that these deviations remain quite low (NASLAIN and KASPER, 1970;MATKOVICH and ECONOMY, 1970;GUETTE, 1974;NASLAIN et al., 1976).

In as much as the twelve external bonds of B 1 2 units are entirely satisfied, for this kind of framework, by baron atoms, deviations from stoichiometry because of metal vacancies frequently occur, Thus, in MgA1B 14 crystals studied by MATKOVICH and ECONOMY the occupancy of sites-I and II by metal atoms was only 75% approximately. NASLAIN, GUETTE and HAGENMULLER showed that, while it is possible to obtain a stoichiometric NaB 15 sodium boride when operating under sodium pressure, the pyrolysis of NaB 1 5 at low temperature and in high vacuum leads to Na x B 15 sodium-deficient phases wher x can practically �each a value of zero, without the collapse of the baron skeleton. Although the metal atoms are not indispensable for the boron framework, they do however, sahedra (from 1.752 to 1.863 A) than for the central icosahedron

(1.719 and 1.742 A) (HUGHES et al., 1963;HOARD et al., 1970;RICHARDS and KASPER, 1969).

As already mentioned by RICHARDS and KASPER (1969), it is doubtful whether an even larger polyhedron would exist where the twelve outer icosahedra of the B 12 (B 12 ) 12 unit would themselves be icosahedrally surrounded by B 12 units. Such an arrangement would involve, in the new outer shell of icosahedra, bonds far too long to correspond to usual B-B distances, and the cluster would lack stability. Thus, it appears that the 156-atom unit of YB 66 -type phases very likely repre sents the limit beyond which it is no longer possible to maintain the pseudo five-fold axes of the central icosahedron. Figure 6, according RICHARDS and KASPER, 1969;NASLAIN et al., 1972).

The giant B 12 (B 6 l 12 or B 12 (B 12 ) 12 units then associate by directed B-B bauds to yield three-dimensional skeletons of borob atoms of B-rh. boron (or of its solid solutions with transition elements) or of YB 6 6 phases. Association, by means of rigid bonds, of these giant units, and main taining as •. much as possi• ble the syrurnetry elements of the-icosahedron, have the consequence of producing large voids in the boron framework, the larger the basic unit the larger the voids. The stability of corresponding crystal structures requires that these voids be filled either by boron or by metal atoms, with the former contributing, as already observed, to completing the coordination of the baron atoms belonging to peripheral icosahedra of the giant units. Whereas in pre vious structures the interstitial voids were filled by a small number of isolated baron atoms (three per formula group in Na x B 15 phases, two in the case of MgA1B 1 4), in lattices with complex units, the void size requires considerably more baron atoms. Thus in B-rh. baron, the voiùs left by the association ob B 8 4 polyhedra are occupieù by B 10-B-B1 0 configurations (HUGHES et al., 1963;HOARD et al., 1970). Likewise, in YB5 6 -type phases additional boron atoms are grouped within two more complex configurations (since the basic unit is larger) with formulas YB3 6 and YB4 8 respectively. Figure 7 illustrates the association rnode for B1 2 (B1 2 1 12 polyhedra in YB 66 (a) and represents one of these two interstitial configurations (b) (RICHARDS and KASPER, 1969). 

Structural Classification of Boron Frameworks Containings IcosahedraZ

Units. In noticing that the structures of boron forms and of most boron-rich phases could be described on the basis of nearly spherical boron clusters and much smaller isolated atoms, MA?KOVICH, GIESE and ECONOMY proposed in 1965 that an analogy might exist between these phases and the Hagg interstitial compounds. On this basis they showed that all phases known up to that date could be deduced from three types of . compact or pse�do-compact stackings of alomst spherical B 12 (5.1 A) or Ba 4 (10.2 A) units (MATKOVICH et al., 1965).

While their classification shows that the lattice parameters in these phases essentially depend on the association modes of the icosahedra (or of more complex B 12 (B 6 )i 2 polyhedra), it does not however take into account the fact that these covalent units are themselves bonded to each other by rigid bonds, and it minimizes the fundamental role of isolated boron atoms. From a physical chemical point of view, the boron-rich, covalent phases are very far from HAGG interstitial com pounds with metallic character, so that any parallelism between them can be only formal.

b) Crystal Structure of Rhombohedral Boron Modifications

The crystal structure of a-rh. boron can be described simply on the basis of a single icosahedral B 1 2 unit. The structure of s-rh. boron also can be described in this manner but with the more complex B 12 (B 6 ) 12 eighty four atom unit replacing the single unit of a-rh. boron and with an approximate doubling of the lattice parameter, as suggested by MATKOVICH and coworkers (1965), The bonds between units are of special kind in the case of a-rh. boron but are of the directed type that con forms to the postulate of HOARD and HUGHES (1967) for the high tem perature form. The presence of weak three-center bonds in a-rh. boron is responsible for its wea t thermal stability: a-rh boron transforms into s-rh. boron around 1200 C. The presence of three-center bonds also confers to a-rh. boron a high reactivity, which makes this variety the most interesting mate. rial for boride preparations as d.emonstrated by NASLJ\IN ETOURNEAU and HAGENMULLER in the synthesis of alkali-metal borides, or by BECHER in the synthesis of BeB 12 (NASLAIN et al., 1970;NASLAIN, 1967;BECHER, 1963).

While the proximity of B 1 2 units in pseudo-compact planes of a-rh. boron provides, through three-center bonds, a pattern of inter-ico sahedral bonding not involving isolated atoms, the resulting framework is, however, quite unstable since 50% of the boron atoms are not in their ideal coordination. In compounds formed by boron with carbon, silicon, phosphorus, arsenic, oxygen and sulfur, and that have the sarne space group and similar lattice and positional parameters, the foreign atoms, on being inserted in the "octahedral interstices" of the de formed cubic close packing of B 12 units, take the place of the three center bonds of a-rh. boron. They form chains, C-B-C or P-P for ex ample, in such a way that covalent bonds can occur between the terminal atoms of the chain and the neighboring icosahedra; furthermore, these bonds are in the ideaZ orientation with respect to the HOARD and HUGHES (1967) postulate (Fig. 9) (CLÂRK and HOARD, 1943). Thus, ïn boron compounds derived from a-rh. boron, all the external bonds of a B 12 unit have the ideal orientation. Consequently, these compounds, char acterized by a frarnework of extremely rigid covalent bonds, are very stable and very hard; B 13 c 2 (the hardest kn � wn material after diamond and borazon) for exarnple, melts around 2500 c, whereas a-rh. boron transforms at 1200 °c. This exarnple again shows the important role of isolated atoms and of directed bonds that they form with icosahedral units, in this type of structure.

B) Crystal Structure of B-RhombohedraZ Boron

The crystal structure of the S-rh. 
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  Fig. 1 (a). Sorne symmetry ele ments of the regular icosahedron. (b) The six-fold coordination boron polyhedron as it occurs in various allotropie forms of the element an<l in many boron-rich phases

Fig. 2 .Fig. 3 .

 23 Fig. 2. Projection of the structurP-of NaB 15 on the ab-plan� (only atoms wirh -=----T"i4< z < 1/4 are represented).(From GUETTE, 1974, NASLAIN et al., 1976) 

Fig. 4 .

 4 Fig. 4. Projection on the be-plane of the structure of MgAlB14-(Based on data of MATK0VICH and EC0N0MY, 1970) 

  Fig. 6a-d. Evolution of the basic unit of the boron framework in so□e boron-rich phases: (a) MgB4, (b) NaB 1 5, (c) 8-rh. boron, (d) YB 66 • (From NASLAIN et al. 1974) to NASLAIN, GUETTE and KASPER, summarizes the successive stages in the progression from the pyramidal B 7 unit (strongly individualized in MgB4) to the giant B 12 (B 12 > 12 polyhedron of YB 66 always maintaining ZocaZZy one or more pseudo-fivefold axes(RICHARDS and KASPER, 1969; NASLAIN et al., 1972).

  Fig. 7a and b. Association of B 12 (B 12 > 12 polyhedra in YB55 showing: (a) the directed character of intericosahedral bonds, as well as the existence of large voids in the boron framework (b) the filling of voids by additional boron and yttrium atoms (partial projection on the ac-plane, according to RICHARDS and KASPER 1969)
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  Fig. Ba. Crystal structure of a-rh. baron, (a) layer of B 12 icosahedra centered in the (00.1) plane. The icosahedra are bonded to each other by three-center bonds situated in alternating parallel planes at z = ± 0.0245. The various B-B bonds have the followin � lengths: 13-la, J.71 A; 13-23, 1.79 A; lrl4, 1.73 A; 14-25, 1.79 A; 21-23, 1.78 A and 2 1 -2 2 , 2.03 A
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  Fig. 9a and b. Crystal structure of B13C2 boron carbide: (a) a layer of B12 icosahe dra centered in the (00.1) plane. The lcosahedr;i. are bonded to each other through terminal carbon atoms of C-B-C chains that are parallel to [001] (atoms 11 have a negative z value, atoms 12 a positive one). (bl, Vie� perpendicular to the (100) plane. B-B bonds between icosahedra are parallel to eàges of the rhombohedral cell. C-B-C chains oriented parallel to [oo�, occupy octahedral voids of the deformed cubic close pack.ing of icosahedra. The 11-1 4 chain is situated at the back of the (100) plan•• , ind the 12-I :; chain at the front (tco:,;ahedra at x = 0 are not rcpresented) (Bilsed on d;ita ofCLARK and H0ARD, 1943)