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1. Introduction 

The recent interest in the chemistry of beryllium and its compounds 
perhaps stems from its wide applications currently being developed, 
having moved from the nuclear power orientation, prevalent in 1961, to 
one which now explores aerospace and instrument applications. Beryl - 
lium possesses a generous supply of unique chemical and physical 
properties. It and the beryllides have great scientific and practical in- 
terest owing to the low neutron capture cross section of beryllium, their 
high melting points, relatively low specific gravities, hardness, high 
strengths at high temperature (ten times that of ceramics) and resistance 
to  corrosion, these properties making them useful in aviation, rocket, 
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and nuclear technology, This area of beryllium chemistry has recently 
been reviewed (127,413,416,461),  as also has the beryllium oxide system 
(55, 99, 127). Several articles (25, 29, 31, 142, 347, 498) cover various 
aspects of the organic chemistry of beryllium, and two books (122,139)  
contain sections devoted to this topic. While Russian work on beryllium 
fluoride and the fluoroberyllates has been reviewed up to 1959 (330), 
these and the other halides have only been the subject, in recent years, 
of sections in Everest’s book (139) ,  covering many aspects of beryllium 
chemistry, and in a book devoted almost entirely to the analytical 
chemistry of beryllium (333).  This present review deals with all the major 
aspects of the halide and pseudohalide chemistry of beryllium; the 
literature has been covered up to the middle of 1970. Beryllium fluorides 
and chlorides are important industrially, as intermediates in the pre- 
parations of metallic beryllium. Beryllium chloride has also been used 
in diagnosing tuberculosis ; sodium beryllium fluoride has been used in 
the manufacture of glass having high ultraviolet permeability, as a flux 
in certain porcelain enamels, and in coating special welding rods. 

Beryllium is normally divalent in its compounds, the first ionization 
potential (Beo -+ Be+)being9.32eV, the second (Be+ + Be2+), 18.21 eV, 
and its standard electrode potential E&+,Be, -1.70 volts. Although the 
atomic radius of beryllium is 0.93 A, its ionic radius is only 0.31 b; 
because of its high ionic potential of 6.45 (cf. 1.05 for the sodium ion), 
beryllium has a tendency to form covalent rather than ionic compounds. 
The ability of the group I1 elements to form complex ions is greatest 
with beryllium and thus it resembles aluminum in its chemistry rather 
than magnesium. Using the Pauling relationship, the percentage ionic 
character of the Be-X bond (where X = F, C1, Br, I)  is 80, 42, 35, and 
25%, respectively (264).  Thus the fluoride has considerable ionic char- 
acter and forms no stable complexes with neutral ligands (L) of the type 
L,BeF,, but forms many stable anionic fluoride complexes. In contrast, 
the other three halides behave as though they are essentially covalent 
and form numerous stable complexes with neutral ligands. The Be-F 
bond is thermodynamically stable in aqueous solution because the bond 
energy is greater than that of Be-0, whereas the Be-X (X = C1, Br, I) 
bond energies are less than for Be-0, hence thermodynamic instability. 
Because of these differences, beryllium fluoride is discussed separately 
from the other three halides. 

Compounds containing beryllium-halogen bonds are extremely sen- 
sitive to moisture. Thus, some difficulty in handling these compounds 
exists and it is perhaps for this reason that variable melting points have 
been reported for some compounds and the authenticity of some com- 
pounds must be in doubt. 
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II. Beryllium Fluorides 

A. ANHYDROUS BERYLLIIJM FLUORIDE 

1. Preparation 

Beryllium fluoride cannot be isolated from aqueous solution since as 
for the other halides, hydrolysis takes place during dehydration with the 
formation of a thick syrupy liquid which continues to hydrolyze with 
the elimination of HF. A spongy mass of an oxyfluoride of indefinite 
composition is finally produced (46, 221, 276). The process discovered 
by Lebeau (272) as early as 1898, involving the thermal decomposition 
of ammonium tetrafluoroberyllate, is used most widely for the produc- 
tion of the anhydrous fluoride. Although decomposition takes place 
slowly a t  125",* in practice it is normally carried out a t  900"-1100", 

glassy BeF, being produced (422).  The fluoride may also be obtained 
from Be(OH), and H F  ( 4 ,  272) or from NH,HF, and BeO, Be(OH),, 
or basic beryllium acetate (2 ,  237, 311, 315, 390, 518). Fluorination of 
Be0 with F, or CIF, gives poor results (221) .  The fluorination of beryl- 
lium sheet with F, follows a parabolic rate law and a protective coating 
of BeF, is produced (357) ; however, the equipment problem involved 
in the fluorination of Be0 with HF makes this process unattractive ( 3 ,  
221, 237). The product obtained from the digestion of Be0 in 40% H F  
is low in fluorine content (221),  further confirming that hydrolysis of 
BeF, readily takes place. 

Sublimation at  1038" of BeF, a t  1 mm pressure in the presence of 2% 
beryllium metal has been used for purification on a small scale, but this 
has not been so effective in large-scale preparations [experiments under- 
taken by the Brush Beryllium Co., quoted in (313)l. 

2.  Properties and Polymorphism 

Much of the work on beryllium fluoride has been carried out by the 
Russians Novoselova and co-workers in Moscow, and Toropov and 
Grebenshchikov in Leningrad. 

Beryllium fluoride is a hygroscopic solid (276) existing in several 
crystalline forms and has low conductivity in the fused state (269, 324)) 
indicating that although more ionic in nature than the other halides, 
i t  still has considerable covalent character. Addition of alkali metal 
fluorides produces conducting materials which on electrolysis yield beryl- 
lium metal (269, 536).  It oxidizes when heated in an oxygen current, 

* Temperatures are in "C except where otherwise stated. 
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forming the volatile compound 2BeO * 5BeF,, and with water vapor, 
Be0 and H F  are formed; the pyrohydrolysis commences at 420" with 
a maximum reaction rate a t  800"-1000" (363).  Though slightly soluble 
in absolute ethanol, it is very soluble in ethanol-water solutions of high 
water content, but the solution process is slow (276).  Further, it is only 
sparingly soluble in liquid HF (225),  indicating that BeF, is a stronger 
base in H F  than is Be(OH), in water. 

A variety of melting points have been ascribed to BeF,, 542' f 3" 
(185),  543" f 5" (408) ,  545" (87,112,447) ,  821" ( 3 4 4 ,  ca. 800" (337,446),  
590" (337),  545'450" (324), 555" (503);  boiling point, 1327" (238).  The 
most recently quoted value of 555" (503) was obtained using very pure 
distilled BeF, and the melting behavior was confirmed by several 
methods. An inflection (341, 446) in the vapor pressureltemperature 
curve a t  ca. 800" was believed to  be due to fusion of BeF,, since it had 
earlier been noted that although BeF, softens a t  about 560", it does not 
become free-flowing until ca. 800" (87, 334, 350). It has since been 
suggested that this inflection is indicative of depolymerization of BeF, 
to form a free-flowing liquid and that the true melting temperature is 

The vapor pressure (up) of BeF, has been measured by the flow (185, 
341, 446, 447), torsion (185, 210), gravimetric (185),  and manometric 
methods and by a differential variant of the Knudsen method (53,239)  ; 
the available data are somewhat discordant. At 627", the vp is 0.0155 
(53) ,  0.013 (239),  and 0.019 mm (210);  at  827", 3.3 (447),  3.45 (446),  ca. 
5.0 (185),  and 3.7 mm (341);  and the partial pressure of Be2F, in 
equilibrium with liquid beryllium fluoride a t  627" is 8.8 x lo-'' mm (53) .  
The constants in the vapor pressure equation Iogp,, = A - BIT (T in 
" abs.) for BeF, are shown in Table I and for Be2F, in the range 617"-704", 

The composition of the vapor has been determined qualitatively by 
mass spectrometry (53, 58, 210).  Associated molecules are only minor 
constituents of the saturated vapor and the ion of highest molecular 
weight Be2F3+, found in low abundance, indicates the presence of Be,F, 
molecules. The saturated vapor at molecular effusion pressures has been 
estimated to contain less than 1 mole % Be2F4 (210).  

The "model principle" has been used by Goldschmidt (180) to com- 
pare members of an isomorphous series in which structures are of the 
same type, even though the charge on corresponding ions or the ionic 
radii or both, are different. A common type of "model structure" is that  
in which the radii and polarizing properties of the ions in one structure 
are nearly the same as those in the second, but the charges on the ions 
in the two structures are not the same. The structure having the lower 

555" (503).  

A = 11.532, B = 14927 (53) .  
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TABLE I 

VAPOR PRESSURE DATA BOR BeFz log pmm = A - B/T (T in "abs.) 

Temperature range 
A B ("C) Ref. 

11.596 
10.466 
11.822 
10.651 
10.622 
11.125 
13.041 
9.904 

12134 
10943 
12385 
11121 
11189 
11555 
13762 
10268 

573-676 
802-1025 
740-803 
803-968 
542-704 
54 7- 6 67 
767-821 
82 1-1 002 

charges is referred to as the weakened model and the other the reinforced 
model. As the fluoride ion has a radius nearly identical with that of the 
oxide ion but one-half the charge and similarly for the Be2+ and Xi4+ 
ions, beryllium fluoride and silica, the fluoroberyllates and silicates show 
remarkable structural similarities. Beryllium fluoride thus behaves as 
a weakened model of silica, a8 demonstrated by the lower melting point, 
solubility, and hardness, and greater reactivity relative to Si02. Like- 
wise, the fluoroberyllates behave as weakened models of the silicates, 
provided that the cations have similar ionic radii and polarizability and 
that the charge numbers on the cation in the fluoroberyllate is one-half 
that  on the cation in the silicate; e.g., the NaF-BeF, system behaves 
as a weakened model of the CaO-Si02 system. The weakened character 
of the beryllium systems is due to the smaller electrostatic attractions 
resulting from the lower charge numbers of the ions relative to those 
in the silicate systems. 

Like both silica and germania, BeF, has a radius ratio of about 0.3, 
a figure which Goldschmidt (180) believes will allow compounds of the 
AX2 type to form glasses. Beryllium fluoride like silica has a tendency 
to  supercool and is difficult to crystallize; rapid cooling of the melt 
produces vitreous BeF, (for further discussion, see Section 11, C) .  

Silica exists in three crystalline forms: quartz (stable to 870°), tri- 
dymite (stable from 870°-1470"), and cristobalite (stable from 1470" to 
the melting point 1710'). Each of the polymorphic forms exists in two 
subsidiary forms, low (a) and high (8) temperature modifications with 
transition points a t  573" for quartz, 120"-160" for tridymite, and 200"- 
275" for cristobalite. The structure of silica consists of a three-dimen- 
sional network of Si04 tetrahedra, joined so that each oxygen is common 



260 N. A. BELL 

to two tetrahedra, The relationship between cristobalite and tridymite 
corresponds to that between zinc blende and wurtzite, although neither 
has a close-packed structure. In  quartz, the tetrahedra are so linked that 
they acquire a spiral formation and this form is optically active. In  each 
case, the u and /I forms differ only by slight alteration in the disposition 
of the Si04 tetrahedra, and there is no difference in the way the tetra- 
hedra are linked together. These alterations are thus easy to  effect and 
are readily reversible. 

By analogy with silica, the structures of the three crystalline forms 
of BeF, are presumably composed of BeF, tetrahedra. The quartz- and 
cristobalite-like polymorphs are well established and there is evidence 
for low and high temperature modifications. Our present knowledge of 
the stability ranges and transition points of the different forms leaves 
something to be desired, partly since the BeF, system is more difficult 
to study than the SiO, system owing to the sensitivity of the fluoride 
to  moisture. Conversions between the crystalline forms are sluggish since 
they require bond rupture, followed by rearrangement, before the re- 
linking of the BeF, units; such processes in the solid state are always 
slow. Russian workers, whose results up to 1959 are summarized in ref. 
(330),  consider that  the /I-quartz form is the stable form a t  room tem- 
perature (corresponding to the u-quartz form of SiO,) and this is trans- 
formed into the u-quartz form a t  ca. 220" (334,409) .  The u-quartz form 
when slowly heated is transformed a t  420"-450" into what is possibly 
a tridymite form. At ca. 680", this phase is converted to the a-cristobalite 
form of BeF, (corresponding to the /I-cristobalite form of SiO,), the 8- 
to  a-transformation of the cristobalite forms occurring at 130" (334).  
Decomposition of (NH,),BeF, in vacuo below 450" produces the cristo- 
balite modification (89,94) ,  which is also obtained by crystallization from 
glasses of high BeF, content a t  temperatures of 450" or lower and is 
converted into the quartz form by heating to  high temperature (410).  
The quartz form is also obtained if (NH,),BeF, is decomposed in a quartz 
crucible or when the decomposing mixture is fused toward the completion 
of the removal of NH4F (334).  The cristobalite form is partly inverted 
to  the quartz form in 3 weeks a t  340" or 430", but persists in cristobalite 
form at 516" or above (408).  The high temperature quartz form exists 
in equilibrium with liquid in binary fluoride systems up to the melting 
point of BeF,, and the cristobalite form appears to have a metastable 
existence (409). During a study of the kinetics of the fluorination of 
beryllium sheet, i t  was noted that the a-quartz form is produced below 
525", but above this temperature the film has the rhombic tridymite 
structure (357).  Further evidence for the existence of the tridymite form 
was obtained by heating BeF, in the presence of 4% ZrF4 to 590"-600" 
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for several hours, and powder data indicate a close analogy between this 
and the tridymite form of SiO:, (253). The quartz form of BeF, is 
hexagonal (350) and the cristobalite form has a tetragonal unit cell (89), 
like the low temperature form of cristobalite SiO,. At 130", this is 
transformed into a cubic structure, corresponding to the high tempera- 
ture form of cristobalite SiO, (240). 

I n  view of the above inconsistencies, the beryllium fluoride system 
requires further investigation before firm conclusions concerning the 
stability relations of the different crystalline forms can be safely drawn. 

3. Reactions 
I n  contrast to the other halides, complexes of beryllium fluoride with 

only one neutral ligand, namely, ammonia, are known. In 1927 Biltz 
and Rahlfs (68) obtained a t  -78.5" BeF2NH3 which decomposed a t  
higher temperatures. The BeF, used in this preparation was probably 
contaminated with oxyfluoride as i t  was obtained from aqueous solution. 
However, BeF, prepared by a more reliable method, though sparingly 
soluble in liquid ammonia, forms the complex BeF,2NH3, formulated 
as [Be(NH,)4]2+[BeF4]2- from spectroscopic data. Thermal decomposi- 
tion proceeds a t  lower temperature than for the adduct of the corre- 
sponding chloride, but is not accompanied by appreciable ammonolysis. 
The first ammonia molecule is lost a t  80"-130" and the second a t  130"- 
150" (191). 

Heating BeF, with BeOs (40)  produces Be,FBO,, isostructural with 

2BeFz + B803 + BF3 + BezFB03 ( 1 )  

the mineral hambergite Be,OHBO,, whose structure (560) consists of 
BO, triangles and deformed Be04 tetrahedra involving three oxygen 
atoms and an OH group. The OH groups are bonded only to two 
beryllium atoms, while each of the oxygens surrounding a boron atom 
also belongs to two Be04 tetrahedra. Fusion of K,BeF, with Bz03 a t  
600"-800" or KBF4 and Be0 at  550"-700" produces the water-insoluble 
double salt KBe,F,B03 (40) .  

(2) 

(3) 

3KBF4 + 3Be0 + I(BezFtB03 + 2BF3 + KzBeF4 (4) 

The solubility of BeF, in methanol increases with increasing 
H F  concentration. At 25.15% HF, a solid phase, formulated as 
[MeOH,]+[BeF,]-, is obtained ( l o r ) ,  but, this compound has not been 
studied in detail. The complex molecule Be,OF, has been identified by 
mass spectrometry in the BeO-BeF, system above 1327" (137). 

2KzBeF4 + Bz03 --f KBezFzB03 + BF3 + 3KF 

KBF4 + 3Be0 -+ KBezFzB03 + BeF2 
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B. AQUEOUS CHEMISTRY OF BERYLLIUM FLUORIDE 

The anhydrous fluoride is hygroscopic and very soluble in water (cf. 
SiO,). Solutions of beryllium fluoride may also be obtained by dissolving 
the metal in hydrofluoric acid; the dissolution rate decreases linearly 
with decreasing acid concentration (199). Evaporation of these solutions 
leads to  the elimination of HF with consequent formation of basic 
residues (276). The limiting solubility is ca. 18 moles/liter at 25" corre- 
sponding to a ratio of 2 moles of water per mole of BeF,, hence the 
suggestion for the formation of the complex 

in saturated solution (256, 276). The existence of this complex is also 
supported by QBe magnetic resonance studies of saturated aqueous solu- 
tions of BeF,; solutions at saturation are clear and viscous (276). Since 
aqueous solutions do not form a precipitate with calcium chloride, the 
low concentration of F- in solution is demonstrated (ionization of BeF, 
in 1 and 2 x M solutions has been estimated as 2 and 6%0, respec- 
tively (276)). On addition of EaCl, solution, 50% of the beryllium is 
precipitated as BaBeF, and, thus, autocomplex formation is believed 
to  take place in aqueous solution (32). However, l9F NMR spectroscopy 

2BeFa + 4Hz0 -+ [Be(HaO)a]a+[BeF4]a- ( 6 )  

indicates that dilute solutions containing fluoride and beryllium in the 
ratio 2 : 1 contain BeF+ and BeF,-, as well as the predominant (60%) 
species BeF, (104, all presumably solvated. Conductivity and emf data 
also support the presence of such species in dilute solutions of BeF, (389). 
Addition of ethylenediamine or triethanolamine t o  beryllium 
fluoride solutions precipitates beryllium hydroxide, leaving solutions 
from which the tetrafluoroberyllates (H2NCH2CH2NH3),BeF4 or 
[HN(CH2CH20H),],BeF4 may be isolated (32). Passage of a beryllium 
fluoride solution through a hydrogen ion-exchange column produces a 
solution containing fluoroberyllic acid, H,BeF4 (32). 

Beryllium fluoride (276), in contrast to the chloride (32, 200), is a 
weak electrolyte in aqueous solution. Although all the aforementioned 
species are probably present in equilibrium in aqueous solutions of 
beryllium fluoride, if the autocomplex predominates, the weak electro- 
lytic nature suggests the existence of hydrogen bonds between 
[Be(HzO)4]2+ and [BeF4l2- ions (32). 
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Conductometric measurements on NH,F/BeS04 solutions have in- 
dicated the presence of tJhe ions [BeFJ, [BeF,]", [BeF,13-, and 
[BeF,]'- (390) .  Not surprisingly, later workers (443) have been unable 
to find evidence for the existence of these last two ions. The species 
[BeF]+, BeF,, [BeFJ, and BeF,2- are present in solutions containing 
both beryllium and fluoride and the relative concentration of the ions 
depends on the F:Be ratio and on the pH (443, 490); these ions are 
probably hydrated, e.g., [BeF(H,O),]+ (489) and [BeF,H,O]- (140) .  The 
particularly stable ion [BeF4I2- is produced in the presence of excess 
fluoride (396) and evidence that the beryllium is present in the form of 
the complex anion has been obtained from the failure of Be(OH), to 
precipitate on the addition of ammonia and by the concentration of 
beryllium a t  the anode on electrolysis (414) .  The formation of the stable 
tetrafluoroberyllates accounts for the ability of beryllium salts to solu- 
bilize sparingly soluble fluorides, e.g., Ca and Li, and to demask reaction 
systems which are masked by fluoride (367, 492). No stable entity 
containing BeF+ has yet been isolated. 

The pH of a solution of H F  increases in the presence of BeF, due 
to the formation of the fluoroberyllate ions (488) .  However, the pH of 

BeFz + HF + BeF3- + H+ (6)  

BeF3- + HF + BeFz- + H+ ( 7 )  

an HF solution of beryllium chloride is lower than that of beryllium 
fluoride of the same concentration and the plot of pH against the ratio 
of H F  to BeCl, shows a distinct bend at  an HF:BeCl, ratio of 1 : 1 
corresponding to either 

BeClz -t HF --f BeClF + HC1 (8) 

or 
Be(aq)a+ + HF + BeF+ + H+ (9) 

Stepwise formation constants ( I c )  together with their method of 
determination for the beryllium-fluoride species are shown in Table 11. 
Recent results obtained by measurements of the redox potential in the 
Fe3+/Fe2+-Be2+/F- system and of the pH in the (BeFJ2--H+ system 
a t  ionic strength 0.5 (106) and by a potentiometric method using a 
lanthanum fluoride solid state electrode (297) show substantial agree- 
ment. No evidence has been found for the presence of polynuclear species 
in solution, nor of species of composition [Be,F1,(OH),](22-y-Z)f (297) .  By 
a distribution procedure, the consecutive reaction constants K,, defined 
as [BeF,] [H+]/[BeF,-J [HF], have been determined: logK, = 1.99, 
logK2 = 1.12, logK, = 0.32 (198). 
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TABLE I1 

STEPWISE FORMATION CONSTANTS FOR BERYLLIUM SPECIES 

logki 
(BeF+) Ref. 

3.64d 
4.29a 
4.71C 
4.90c 
5.06c 
5.40b 
5.64a 
5.8gb 

l o g h  log k4 
Ref. (BeF3-) Ref. (BeF:-) Ref. 

(386)  1 .83d  (386) l .lf (140) 
(493)  2.788c (297) 1.426C (297)  
(106)  2.80c (106') 1.86d (386)  
(297) 2.97c (70)  1.99e (243)  

(70 )  3.56C (243) 2.27c (106) 
(243) 

a Solubility. 
* Spectrophotometrically. 
c Potentiometrically. 
d Ion exchange. 
e Calculated. 
f NMR. 

Beryllium fluoride dissociates only slightly in solution (243,276, 488, 
489, 490, 493) and not burprisingly behaves differently from other 
beryllium salts in solution. Hydrolysis in the BeF,-NaOH system pro- 
ceeds in two stages : 

2BeFa + 2NaOH -+ NazBeFr + Be(0H)z (10) 

NazBeFr + 2NaOH -+ 4NaF + Be(0H)z (11) 

The formation of Na2BeF4 was confirmed by chemical analysis (441,444). 
This work invalidates Prytz's comments that the addition of NaOH 
lowers the solubility of BeF,, but does not precipitate Be(OH), (388, 
389). When the hydrolysis is carried out with carbonate or bicarbonate 
solutions, basic beryllium carbonates appear to be formed (443).  
Novoselova (329) has shown that Be( OH)z, containing variable amounts 
of fluoride, begins to precipitate with NaOH from 0.1 M beryllium 
fluoride solution a t  pH 6 and is complete at pH 11.6-11.9 after 1.8 
equivalents of alkali have been added, whereas precipitation from 
Na2BeF4 and (NH4),BeF4 begins only at  pH 7.5-8.0. Precipitation of 
Be(OH), from solutions of the fluoride takes place at higher pH than 
from solutions of other salts such as the chloride and sulfate (329).  For 
sulfate solutions, precipitate begins to form at n(= NaOH :Be) > 1, but 
with dilute BeF, solutions, hydroxide appears at  n = 0.2. A t  n = 1, 50% 
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of the beryllium is precipitated and as with the sulfate, precipitation 
is complete at n = 1.8. This suggests that  at n < 0.2, the soluble basic 
salt Be(OH),F,-, is formed and from rL = 0.2-1.8, the insoluble basic salt 
SBe(OH),BeF, is formed, and then with further addition of NaOH, a 
reaction occurs in the solid phuse. ThiR reaction is slightly reversible and 

SBe(0H)ZBeFz t 2NaOH + 1013e(OH)2 + 2NaF (12) 

a slight excess of NaOH is necessary for complete formation of Be(OH)2, 
which dissolves to form beryllate as more NaOH is added. When an excess 
of fluoride is present in solution, much more than two equivalents of 
NaOH are necessary for complete precipitation (491).  If a stoichiometric 
amount of ammonia is added to a BeF, solution, only 65% of the 
beryllium is precipitated. Complete precipitation of beryllium, even by 
30% excess of NH,OH, can only be attained if the F : B e  ratio is at 
most 2. When this ratio is greater than 2, the amount of hydroxide 
precipitated decreases and when the F :Be ratio in the initial mixture 
is 6, no hydroxide is deposited. The quantity of beryllium precipitated 
by NH,OH depends not only on the relative proportions of beryllium 
and fluoride in solution, but also on the absolute fluoride concentration 
(329, 451). 

C. BERYLLIUM FLUORIDE AND FLUOROBERYLLATE GLASSES 

From X-ray diffraction studies (547),  satisfactory agreement has been 
obtained between calculated and experimental scattering curves on the 
assumption of a random network structure for vitreous BeF, in which 
each beryllium is tetrahedrally surrounded by four fluorines and each 
fluorine in turn, is bonded to two beryllium atoms. Such a three-dimen- 
sional network is analogous to those found for vitreous silica and ger- 
mania. Beryllium hydride is also amorphous (27, 204) and it doubtless 
consists of a three-dimensional network similar to that of vitreous BeF,, 
although in the case of the hydride, the bonding is likely to be electron- 
deficient in nature. Infrared spectroscopic measurements indicate the 
weakened structure of glassy BeF, relative to Si02 (562) .  The formation 
of halide glasses is uncommon and Zachariasen (559) has discussed the 
criteria for glass formation and Turnbull and Cohen (513) have explained, 
on the basis of kinetic considerations, the failure of some pure liquids 
to crystallize. The latter workers have shown that for a free-flowing 
liquid, free of nucleating singularities, crystallization will not take place 
if the kinetic barrier to nucleation exceeds, in the case of BeF,, 48 
kcal.mole-l. In  a network liquid, interatomic bonding must be ruptured 
for flow to occur and in this case, the free energy of activation, estimated 
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from viscosity data is ca. 50 kcal.mole-l; thus glass formation is easily 
explained (513). The network structure is further supported by the high 
specific resistance and viscosity and the magnitude of the corresponding 
energies of activation of the liquid. Liquid BeF,, like liquid Si0, and 
GeO,, is highly associated, even a t  elevated temperatures. At a tempera- 
ture 200" above the melting point, the energy of activation €or viscous 
flow (E, )  is greater than the heat of vaporization. The extrapolated 
viscosity a t  the melting point is a t  least lo6 poise and the extrapolated 
E ,  a t  least 100 kcal-mole-l (278). For most metal halides, a t  tempera- 
tures not far above the melting point, the viscosity is of the order lo-' 
poise and E ,  seldom exceeds 10 kcal. mole-l(Z01). The specific resistance 
is many orders of magnitude smaller than for most ionic halides (278) 
and this further demonstrates the structural differences between BeF, 
and the other halides. The low conductivity is somewhat surprising in 
view of the high ionic character of the Be-F bond. 

Addition of alkali metal fluorides to molten BeF, causes a reduction 
in the viscosity, due to  breaking of fluoride bridges, and therefore the 
degree of polymerization decreases. The stoichiometric end point €or this 
process is a t  the composition M,BeF, (284). There is also a corresponding 
increase in the electrical conductivity due to breaking down the network 
structure which also accounts for the positive enthalpies of mixing in 
LiF-BeF, mixtures (216). 

On long standing in air, beryllium fluoride glasses become covered 
with a thin, cloudy film, as also do glasses containing only K F  and BeF,, 
but the addition of bivalent metal fluorides remarkably decreases the 
hygroscopicity of the glasses (42, 224). Whereas the BaF,-BeF, system 
is characterized by an immediate crystallization of all its melts, the other 
alkaline earth fluoride systems show a tendency to form homogeneous 
glasses in the concentration range 0-30% for CaF, and MgF, and 0-10% 
for SrF, (538). 

The fluoride glasses have a wide range of transmission without 
absorption (a&?), but contamination with Be0 makes the glasses turbid 
(537). Beryllium fluoride is nontransparent for short wavelengths 30-220 
mp; with an increase in the wavelength the transparence of the glasses 
increases. Glass samples with a ' complex composition BeF,-KF, 
BeF2-KF-A1F,, BeF,-KF-MF, (M=Mg, Ca, Sr, or Ba), and 
BeF,-KF-CaF,-MgF, are transparent for all the wavelength regions 
mentioned. In  the infrared, glassy BeF, is characterized by a region of 
transparency up to  6.6 p, but is nontransparent from 5.5 to 15 p (42). 
Fluoride glasses have low refractive indices, commonly lower than that 
of water (1.33), e.g., BeF, 1.2747 (378), and the index increases for 
MF-BeF, glasses along the seriesNa < Li < K < Rb (224,537). Although 
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BeF, is structurally and crystal chemically a complete analog of SiOz, 
glasses on its basis have a higher percentage of ionic bonds than in silicate 
glasses and show a greater degree of ordering on solidification. In spectra 
of fluoroberyllate glasses, activated with rare-earths, more detailed 
resolution than for silicate glasses, similarly activated, may be the result 
of a more even ionic matrix or lower crystalline field strengths. The use 
of a beryllium fluoride glass matrix shows up a higher luminescence level 
(5D1), owing to the higher optical clarity and low dissipation of light 
on irradiation (564,565). The ESR spectra of some transition metal ions 
in fluoroberyllate glasses have been recorded ( I ) ,  

D. ANHYDROUS FLUOROBERY LLATES 

In the early work, great emphasis was given to general comparisons 
of fluoride and silicate systems, with principal interest in the structures 
of the intermediate compounds, rather than to precise determination of 
liquid-solid phase transitions, i.e., interest centered around the relation- 
ship of the fluoroberyllate systems to the silicate systems. As mentioned 
earlier, the fluoroberyllates and silicates show structural similarities, 
although there is considerable difference in melting points and hardness. 
The tetrafluoroberyllates (BeF:-), analogous to the orthosilicates 
(SiOi-), are the most stable fluoroberyllates, but neither sheet nor 
framework models are known. Beryllium fluorides cannot be handled 
in silica containers and special techniques and container materials are 
required for handling these materials (216,240) ; under an SiF4 pressure, 
attack on silica by beryllium fluorides is considerably reduced (26). 

For use in thermal breeder reactors, materials must satisfy stringent 
requirements with respect to their nuclear, physical, and chemical pro- 
perties (192). Consequently, choice of useful solvents for fissile and fertile 
species is restricted to a very small number of inorganic fluorides of which 
'LiF-BeF, mixtures provide chemically stable fluids with excellent 
physical properties, low viscosity, vapor pressure, cross section, and 
melting temperature, and this system has gained preeminence as a 
solvent for fissile and fertile materials in the development of the molten 
salt reactor (MSRE) in the United States (503). The LiF-BeF, system 
has attracted the attention of many workers, but the results are diverse 
with respect to the liquidus, the existence of intermediate compounds 
formed by the components, and the polymorphism exhibited by the 
crystalline phases. Utilization of this as an ingredient in the MSRE has 
necessitated a restudy of this system and Thoma et al. (503) have 
published an excellent article on this system. Their phase results are 
shown in Fig. 1.  The diversity in this system has been attributed to 
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metastable nucleation or to exposure of the solutions to water vapor 
which causes hydrolysis. 

2F- + HaO(g) -+ 02- + 2HF (124  

The solubility of Be0 in the melt is low (ca. 200 ppm) in the range 30-50 
mole % BeF, at 600°-700" and the solubility increases with increasing 
BeF, content, but does not exceed 500 ppm (212, 450). The reverse 
reaction, in which oxide impurities are removed from the melt by 

FIG 1. The LiF-BeF2 system [from (503),  reproduced with permission]. 

sparging with HF, has been used as a standard purification treatment 
(448). 

Early claims (348, 350, 500) for the existence of Li,BeF,, Li,Be,F,, 
Li4BeF6, and Li,BeF, have not been substantiated and only Li,BeF4, 
LiBeF,, and possibly LiBe,F, exist (410, 503). The trifluoroberyllate, 
m.p. 365" (500), is related to the pyroxene group (silicates in which Si04 
tetrahedra share two corners to form long chains). Reports (348, 350) 
that Li2BeF4 exists in three polymorphic forms have not been corrob- 
orated, nor does it melt congruently [(410), cf. (408, 500)l. At 455", a 
single crystal decomposes to a slurry of LiF and a liquid which coexist 
for the next 15"-20"; then above ca. 480°, the crystals dissolve in the 
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melt, and the sequence is reversed on cooling (503). The LiF-BeF, 
system has been likened to the MgO-SiO, (500) and ZnO-SiO, (408) 
systems. Although Li,BeF, was believed to resemble the silicates 
phenacite (BezSi04) (197, 348, 410, 558), willemite (Zn,SiO,) (197, 408, 
410, 558), and forsterite (Mg,SiO,) (408, 410), diffraction work clearly 
shows that the structure of Li,BeF, is isotypic with that of Be,SiO, 
(105). The structure (Fig. 2) consists of a chain of Li,BeF, molecules, 
each metal ion being coordinated to four fluoride ions and these tetra- 
hedra all share their corners to form a three-dimensional network (105). 
The average Be-F bond length is 1.55 A, similar to the value of 1.57 A 
found in Li,BeF,ZrF8 (423). Owing to the difference in the Li-F and Be-F 
bond lengths, the tetrahedra are slightly distorted. The beryllium- 
containing ions BeF+, BeF,+, BezF3+, and LiBeF,+ have been observed 

Be 
8 Li 
O F  

FIG. 2. Chain of tetrahedra along the C-axis of LizBeF4 [from (105) reproduced 
with permission]. 

in the mass spectrum of an equimolar LiF-BeF, mixture; the binding 
energy of LiF to BeF, at ca. 630" is approximately 53 kcal-mole-l (58) .  

Molten mixtures of UF, and ThF,, together with fluorides of alkali 
metals and BeF, or ZrF,, are potential fuels for a fluid-fueled nuclear 
reactor that  can operate at high temperature in low pressure systems 
(504, 549), and certain molten fluoride mixtures are of value in the 
reprocessing of spent and therefore highly reactive elements for nuclear 
reactors (39) .  I n  connection with the utilization of such materials, 
equilibrium diagrams for the individual components and the binary and 
ternary mixtures have been obtained. In  the BeF,-MF, (M = Zr, Th, 
U) systems, compound formation has not been detected (233,503,548) ; 
eutectic points occur at 2 mole % ThFI and 0.5 mole % UF,, indicating 
the comparatively low solubility of BeF, in melts of these fluorides (233, 
548) and the solubility of PuF, in fused alkali metal fluoride-BeF, 
mixtures is also quite low (38).  Molten mixtures of BeF, and ThF, 
containing more than ca. 75% BeF, become very viscous at temperatures 
near the liquidus and equilibrium is reached only slowly, but the addition 
of small amounts of alkali metal fluorides reduces the viscosity, such 
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that equilibrium is attained more rapidly (504). The phase boundaries 
for the LiF-BeF2-MF4 (M = Th, U) systems have been determined; no 
evidence has been obtained for the formation of ternary compounds (504, 
506) and in the NaF-BeF,-MF, (M = Th, U) systems, the incongruently 
melting compounds NaFBeF,3MF4 exist (505). The addition of Be0 to 
fluoride melts causes precipitation of certain of the components as oxides, 
e.g., Pa, U, and Ce. Such reactions are of interest as a means of removing 

2CeF3 + 3Be0 t CezOs + 3BeFa (13) 

reactor poisons from molten fluoride fuels, although Be0 is an undesir- 
able impurity. In fluoride melts, the order of affinity for oxygen is 
UO, - Thoz > Be0 > 1. Thus it is possible to remove uranium from 
fluoride melts by passing it down a Be0 column, where U02 is preci- 
pitated and held on the column ; use of 30 gm of Be0 per kg of molten 
salt (LiF-BeF,-ThF,) reduces the uranium in solution from 1800 ppm 
to less than 1 ppm (449). 

The present version of a molten salt reactor (279) operates with a 
mixture of 7LiF-BeFz-ZrF4 as solvent and diluent for 2s6UF4. Successful 
operation of this reactor, development of chemical reprocessing methods, 
and specification of safety practices dictate the need for accurate and 
detailed knowledge concerning crystallization and phase behavior in the 
'LiF-BeFZ-ZrF4 and 7LiF-BeF,-ZrF,-2S6UF4 mixtures. In the former 
system (503, 506), in which the electrochemical oxidation of U(1V) has 
been studied (281), the complex compounds Li,BeF,, Li,ZrF,, Li3ZrF7, 
Li,Zr,F, *, and Li,BeF4ZrF8 exist. The crystalline ternary compound, 
Li6BeF4ZrF8, stable at room temperature, exhibits a property, un- 
common among complex fluorides, in that the unit cell contains two 
discrete anion groupings, a tetrafluoroberyllate and an octafluoro- 
zirconate ion (423). These discrete ions are connected by a shared lithium 
ion and the lithium ions share fluoride ligands in such a way as to achieve 
a set of fluorine neighbors, best described as distorted octahedral. The 
Be-F distance is 1.57 A and in the ZrFi- dodecahedra, there are two 
independent Zr-F bonds (2.05 and 2.16 A) (423). This complex compound 
melts semicongruently at 470" and undergoes no polymorphic transi- 
tions. In the subsystem Li,ZrF6-BeF2-ZrF4, the existence of three- 
component liquid immiscibility, not previously described in fluoride 
systems, has been observed (503). 

The salts NaBeF,, NazBeF4, NaBe,F,, Na,BeF,, and Na,BezF7 are 
believed to exist in the NaF-BeF, system (337, 338), which has been 
likened to the CaO-SiOz system (197, 409, 502), but the existence of 
NaBe,F, has not been verified (408). There is little agreement about the 
melting behavior of these compounds (337,338,502). Only two modifica- 
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tions of NaBeF, have been identified, one having a structure similar to 
wollastonite (p-CaSiO,) (348, 408) below 343") with only a slight differ- 
ence in structure above that temperature (409).  The existence of several 
structural modifications of Na,BeF, has been established (195,228,321, 
349, 354, 409, 501, 502, 509, 563)) but Thilo and co-workers (228, 501) 
prepared Na2BeF4 in HF solution and their product was doubtlessly 
contaminated with fluorosilicates, and indeed ZNa,BeF, Na,SiF, has 
since been obtained from which Sip, is eliminated at  540" to form 
Na,BeF, (499).  The basic structure for Na,BeF, consists of a two-layer 
close-packed array of fluorine atoms, in which half the octahedral holes 
are taken by sodium atoms and a quarter of the tetrahedral holes by 
beryllium atoms (195).  Na,BeF, reacts with SiO, at  ca. 730" forming 
phenacite (332) ; in the NaF-Na,BeF,-Na,ZrF, system, only simple 
eutectics are present (110). 

The partial pressure of BeF, and NaF above Na,BeF,, in the range 
1008"-1197" is given by logp,, = 8.6881 - 10939/T for BeF, and 
logp,,,,, = 8.4370 - 10623/T ( T  in "4bs.) for NaF, i.e., over the range 
studied, Na,BeF, dissociates in the melt (341) only to an insignificant 
degree according to 

NazBeF4 + NaF + NaBeFs (14) 

Vapors above NaF-BeF2 contain the complex molecule (NaBeF,),, as 
well as NaF and BeF,. The enthalpy of dissociation of the dimer is 
51.1 5 kcal.mole-' and the standard heat and free energy of dissocia- 
tion at 811" for the gas phase reaction NaBeF, + NaF + BeF, are 
63.1 4 and 32.4 f 2 kcal.mole-', respectively (54 ,  447, 457). 

When equimolar melts of Na,BeF, and Li,BeF, are allowed to cool 
slowly, LiF starts to crystallize at  460", and below 320" Na2LiBezF7 is 
formed. When a similar mixture is rapidly cooled from 550"-600" to 
below 240", NaLiBeF, is formed (226) existing in a single modification 
and melting at  350" (512). The structure of NazLiBe2F7, which may also 
be obtained by heating NaLiBeF, above 240" or from NaF-LiF-BeF, 
(226, 408), is similar to that of the melilite hardystonite, Ca,ZnSi20, 
(408) .  Also present in the Na,BeF4-Li,BeF, system is Na,Li(BeF,),, 
isotypic with merwinite, Ca,Mg(SiO,), (227, 512).  

The existence of compounds MBeF,, M,BeF,, MBe2F, [M = K (87, 
336), Rb (182,223,322,509,510,511) ,  Cs (91 ,92 ) ] ,  and M,BeF, [M = K 
(87, 336)) Cs (91, 92)] have been established in the MF-BeF, systems, 
some existing in several polymorphic modifications. Potassium tetra- 
fluoroberyllate is isotypic with K2S04 and Be,SiO,, having four mole- 
cules in the unit cell (355) .  The same basic structure persists for K2BeF4, 
Rb,BeF,, and Cs,BeF, as for Na,BeF,, all similar to larnite, y-Ca2Si04, 
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and olivine, (Fe, Mg)Si04, but slight deviations are found as the cation 
size increases (10, 164, 195, 321). The tendency for bond formation 
between the cation and the fluorine valence orbitals increases as the 
cation size increases, accounting for the rising thermal stability of the 
tetrafluoroberyllates with increasing size of the cation (10) .  The Be-F 
distances in the alkali tetrafluoroberyllates are ca. 1.45-1.53 8, which 
is slightly longer than that found from an electron diffraction study of 
BeF, vapor (7 ) ,  corresponding to the change from sp hybridization in 
BeF, vapor to sp3 hybridization in the tetrafluoroberyllate ion (182,322, 
434, 509, 510). The coordination numbers of the two cations (M, and 
M,) in the tetrafluoroberyllates are shown in Table I11 (10, 164). 

TABLE I11 

COORDINATION NUMBERS OF THE CATIONS 
(MI AND Mz) IN MgBeF4 

Na 6 6 
K 8 8 
Rb 6 8 
cs 10 8 

A hindered motion of the BeF, group has been established in M,BeF, 
(M=Na,  K, Rb) in the range 10"-200" from leF magnetic resonance 
spectra of polycrystalline samples (11) .  Above room temperature, there 
is a reorientation of BeF, tetrahedra around the 3-fold axis, perpendic- 
ular to the plane of densest packing. This kind of movement above 70" 
changes to isotropic reorientation of the tetrahedra around the center 
of gravity. However, only in the cesium compound is the region of 
reorientation of the tetrahedra around the 3-fold axis, separate from the 
region of isotropic reorientation by a noticeable temperature interval (ca. 
30"). The potential barrier for each kind of motion is 12.7 & 0.5 and 
14.5 f 0.5, kcal.rnole-', respectively ( 9 ) .  

The dimetafluoroberyllates (MBe,F,; M = Li, Na, K) decompose 
before melting, whereas the rubidium and cesium salts are stable (330) .  
The structure of RbBezF5 consists of compressed RbF, octahedra with 
almost ideal hexagonal symmetry. Between the layers of octahedra is 
a double network of BeF, tetrahedra, infinite in two directions (Fig. 3), 
corresponding to the Si-0 network in the dimetasilicates, e.g., talc and 
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micas, which have an infinite two-dimensional network of Si205 units 
(222, 223). 

The K2BeF4-K2SO4 system consists of a continuous series of solid 
solutions and of the respective CL and /3 states of the two salts (275) ; in 
the KF-K,BeF,-K,ZrF, (280) and KF-K2BeF,-LaF, (112) systems, 
neither Re-Zr- nor Be-La-containing compounds exist. 

The two salts are completely miscible in the MgF,-BeF, system, 
which plays an important role in the industrial production of beryllium. 
The system is like the Ti0,-SiO, system, especially in the absence of 
compound formation (124, 535), quite surprising in view of the report 
that magnesium tetrafluoroberyllate can be isolated from aqueous solu- 
tion (376). 

Barium tetrafluoroberyllate exists in three modifications (241) ; the 
a-form has a rhombic lattice and is isostructural with the sulfate. The 

FIG. 3. 2, z Projection of Be#& units in RbBezFs. The beryllium units lie at 
the centers of the tetrahedra and the fluorine units at the vertices. 

cell parameters agree well with those obtained for BaBeF, prepared in 
aqueous solution, and this compound has been examined as a possible 
host lattice for RaBeF, as a reproducible, controllable source of neutrons 
(407) .  

Strontium tetrafluoroberyllate exists in several modifications and 
forms a eutectic with SrF,. When prepared by fusion of the components, 
the y-modification is obtained, but when precipitated from aqueous 
solution, the ,&form, which has high and low temperature forms, together 
with a small admixture of the y-form is obtained (93).  Evaporation of 
BeF, begins a t  850" (93) and dissociation a t  1010"-1145" occurs according 
to  the equation : 

SrBeF4(melt) + SrFz(in melt) + BeFz(g) (15) 

6392 
T 

log I<, (mm) = 4.6970 - ~ (T in "abs.) 

where the heat of dissociation is 29.0 f 3.0 kcal-molep1 (340). 
The CaF,-BeF, system behaves as a weakened model of the 

MO,-SiO, (M = Zr, Th) systems; the binary compound, CaBeF,, formed 
in this system being a model for zircon (ZrSi04) [see also ref. (197)l. This 
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tetrafluoroberyllate, which may also be obtained from aqueous solution 
(398), has a tetragonal lattice and melts incongruently as do the only 
compounds MSi0, (M = Zr, Th), formed in the above two systems (124). 

Two compounds 3PbF,.BeF, and PbBeF, exist in the PbF,-BeF, 
system (410), but these have not been studied in detail. 

E. AQUEOUS CHEMISTRY OF THE FLUOROBERYLLATES 

Contrary to chloroberyllates, many fluoroberyllates can be prepared 
in, and isolated from, aqueous solution. The tetrafluoroberyllates are the 
most stable and whereas the alkali metal and ammonium tetrafluoro- 
beryllates may be obtained from aqueous solution, the dimetafluoro- 
beryllates are generally only formed under anhydrous conditions. The 
ions BeFz- and SO$- are isoelectronic, isosteric, and similar in size; 
consequently, there is great similarity between sulfates and tetrafluoro- 
berylla,tes (376,396,397). Barium tetrafluoroberyllate, isomorphous with 
the sulfate (397), is insoluble in water and is used for the gravimetric 
determination of beryllium (136, 173, 437, 439), and CaBeF, in its 
solubility behavior is like CaSO, (303). The sulfates and fluoroberyllates 
of Li, Rb, Cs, T1, Ba, Ag, Pb, and NH, are known (397, 414) and the 
fluoroberyllates of K, Rb, T1, and NH, are isomorphous among them- 
selves, as well as with the corresponding sulfates (37, 318) 

The acid, H2BeF4, from which other tetrafluoroberyllates are readily 
obtained, is known only in aqueous solution. Such solutions, which are 
fairly stable, are obtained by passage of BeF, down an ion exchange 
column (32) or by the reaction of Ag,BeF, with HC1 (168). Conducto- 
metric and pH titrations of solutions of the acid reveal inflections at 
points corresponding to the formation of HBeF,- and BeFi- (167). 

The existence of (NH,),BeF, and NH,BeF, has been demonstrated 
in the NH,F-BeF2-H20 system; the former may be obtained by dis- 
solution of Be0 or Be(OH), in HF, followed by the addition of NH40H 
or (NH,)&O, (242, 331) or by dissolving Be or Be0 in NH4F (199) or 
NH4HF, (422). It is purified by recrystallization a t  low temperature, 
since it is very soluble in water a t  room temperature (331), although less 
soluble in propanol and butanol(405). The trifluoroberyllate is obtained 
from (NH4),BeF4 and BeF, and its solubility is greater than the tetra- 
fluoroberyllate (496). Both ammonium fluoroberyllates exist in rhombic 
modifications, with four molecules in their unit cells ; other modifications 
may exist as the diffraction data obtained for the rhombic modifications 
(462) differs from that of Thilo and Schroder (502). NMR studies 
(140, 146, 254) indicate that the fluoride ion is absent from aqueous 
solutions of (NH,),BeF,, that all the fluorine nuclei are equivalent, 
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and that the tetrafluoroberyllate ion has a tetrahedral structure which 
has also been suggested for the solid from infrared and Raman measure- 
ments (273, 297). However, the NMR spectrum of the solid indicates 
that there are four structurally nonequivalent fluorine nuclei, located at  
the corners of a nearly true tetrahedron in the (NH,),BeF, unit cell (12) .  

Thermal decomposition of (NH4),BeF4 takes place in three stages: 

The intermediates have all been isolated and characterized (94, 496; cf. 
502). The dimetafluoroberyllate may also be obtained in solution by the 
reaction (496) : 

(NH4)2BeF4 + 3BeFz -+ 2NH4BezFs (16) 

The salt (NH,),Mn(BeF,),. 6H,O is formed when NH,BeF, and 
NH4MnF3 solutions are mixed (43 ) ;  using (NH,),BeF, instead of 
NH4BeF3, compound formation was not detected (41) .  

In the NaF-BeF,-H,O system, the binary salts NaBeF,, Na,BeF,, 
and 4NaF. 3BeF,. 2H,O exist. The tetrafluoroberyllate may be recrys- 
tallized from water (353) in which it ionizes (540).  The solubility of 

NazBeF4 -+ 2Na+ + BeF:- (17) 

Na,BeF, (541) is considerably reduced by the presence of NaF, whereas 
the solubility of NaF is little affected by Na,BeF, (328).  Other salts, 
2Na,BeF,.NaHF, (102),  3NaF- 2BeF,, 5NaF.4BeFZ.2H,O, and 
4NaF * 3BeFz * 2H20 ( 100) have been prepared as well as the previously 
mentioned mixed salts, NaLiBeF, (512),  which has a structure (226,356) 
similar to monticellite (CaMgSiO,), and Na,Li(BeF,), (227) .  The 
hydrate, Li,BeF, -HzO, can be readily dehydrated at  100" (397) .  

In the MF-BeF2-H20 systems (M = K, Rb), the solid phases MBeF,, 
M,BeF,, and MBe2F, are present. The tetrafluoroberyllates dissolve in 
water without decomposition, but the tri- and dimetafluoroberyllates 
decompose in water (352, 397, 487). Cesium tetrafluoroberyllate is more 
soluble in water than the corresponding potassium and rubidium salts 
(397, 486). 

Calcium tetrafluoroberyllate dissolves in both water and hydro- 
chloric acid without decomposition, the solubility increasing as the 
acidity increases. The solubility polytherms and structures of CaSO, and 
CaBeF, are similar (303).  The magnesium analog is obtained from a 
soluble metal salt and a hot, nearly saturated solution of (NH4),BeF4, 
provided that the salt is not kept too long in the boiling solution; it 
decomposes quantitatively into MgF, and BeF, (376).  
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Several other tetrafluoroberyllates (see below) have been obtained 
from aqueous solution, in most cases containing the same number 
of water molecules as the corresponding sulfates. It is not known 
whether these compounds exist in more than one polymorphic form- 
MBeF, [M = N2H6, Pb (397), (NH3CH2-)2, NH3CH(CH3)CH2NHS, 
(NH,C,H,-), (168)], MHBeF, [M = Me4N (397)], M2BeF4 [M = Me4N, 
Ag, T1 (397), NHsOH (34)], MBeF4.xH20 [M = Ni, x = 6 ,  7 (398, 497) ; 
Co,x=4,6,7(398);Zn,x=7(398,497);Fe,x=7(398),Cd,x=8/3 
(398), Cu, z = 5 (398, 497)], M2(BeF4)3 [M = Al, Cr, x = 18 (33, 171); 
Fe, x = 7 (36)]. Many ammine complexes, e.g., [Zn(NH,),]BeF,, 
[Ag(NH3),I2BeF4, and [Co(NHS),BeF,]BeF4 have been prepared by Ray 
and his co-workers (33,169,172,175, 395, 402). 

The alums, M21 M22 (BeF,)4.24H20 [M2 = Al, M1 = NH,, K, Rb, Cs, 
TI, N,H,, Me4N, NH30H (33,34); M2 = Fe, M1 = Rb, Cs (36); M2 = Cr, 
M'=NH,, H, K, Rb, Cs (35, 170, 174)] and schonite analogs, 
M21BeF4M2S04.6H20 [M2 = Ni, Co, Zn, Fe, Mg, Mn, Cd, M' = NH,; 
M2 = Ni,Co,Cu,Zn,M' = K(414)]andM21M2(BeF4)2~6H20[M' =NH,, 
M2=Cd, Co, Cu, Fe, Mn, Ni, Zn; M1=K, M2=Co, Ni; M1=Rb, 
M2 = Cd, Co, Cu, Fe, Ni, Zn; M1 = Cs, M2 = Ni; M1 = T1, M2 = Cd, Co, 
Cu, Ni, Zn (43,318,399,400,401,495)l are obtained in aqueous solution 
and are isomorphous with the corresponding sulfates. A series of sulfato- 
fluoroberyllates, (NH4),Cu(S04)2-z(BeF4)z. 6H20, 0 < x Q 2, have also 
been obtained (495) and in the (NH,)2BeF4-H2S04-H20 system, 
evidence has been obtained for the existence of (NH4),BeF, .H2S04, 
3(NH4) 2BeF4 * HzSO ,, and (NH,) ,BeF, - 3H2S0 , (135). 

The close analogy between sulfates and fluoroberyllates is further 
exemplified by the similar ferroelectric behavior of some fluoroberyllates 
and sulfates. Ammonium tetrafluoroberyllate (374) and the sulfate (292), 
with which it is isomorphous at room temperature (318), become ferro- 
electric below the Curie points, -97" and -49.5"' respectively. At these 
temperatures, phase transitions appear, but the direction of the spon- 
taneous polarization ferroelectric axis in the sulfate is at  90" to that in 
the fluoroberyllate (362) and the Curie-Weiss constants are very small 
compared to those of other ferroelectrics (358). Structural changes occur- 
ring in the vicinity of the ferroelectric transition points are accompanied 
by only small changes in proton magnetic absorption. The two com- 
pounds have similar absorption lines a t  room temperature, but entirely 
different ones at  low temperature, and this may be due to the ferro- 
electric phases not being isomorphous (362). Above --180", no line-width 
transition is found, showing that the hydrogen bonds, N-H * - * F are 
weak. Splitting of some bands in the infrared at  temperatures below the 
Curie point indicates deformation of BeF,2- and NH4+ ions, but the 
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distortion is so small that  i t  does not result in any significant redistribu- 
tion of electron density in the Be-F bonds ( 7 7 )  and the phase transition 
is not accompanied by a change in the pararneters of the H * * F-Be 
bond (12). A necessary but not sufficient condition for a solid to be 
ferroelectric is the absence of a center of symmetry (77) ,  and the presence 
of hydrogen bonds are essential in the polarization of some ferroelectrics. 

Triglycine fluoroberyllate ( CH,NH,COOH)3H,BeF4 is also ferro- 
electric (375) ,  like the sulfate and selenate (291) .  Substitution of BeF:- 
for SO:- in the triglycine salts raises the Curie temperature from 47" 
in the sulfate (22" in the selenate) to 73" (552) in the fluoroberyllate; 
the values of spontaneous polarization are of the same order of magni- 
tude. The transition energies and entropy changes for transitions to the 
ferroelectric phase are, for the sulfate, 0.15 kcal-mole-' and 0.48 
oal.mole-'.degree-', and for the fluoroberyllate, 0.40 kcd .  molep1 and 
1 . 1 7  cal mole-' * degree-' (218). Triglycine fluoroberyllate has been 
doped with both Cs,BeF, and TI,BeF4 in order to prepare a habit- 
modified salt ; but irrespective of crystalline habit, the Curie temperature 
is 73". Crystalline imperfections, introduced during growth, are distri- 
buted anisotropically and have a marked effect upon the dielectric and 
ferroelectric polarization process (552) .  

The formation of complex fluoroberyllate oxalates has been indicated 
by the increased solubility of ammonium and alkali metal oxalates in 
beryllium fluoride solutions. From these solutions, hydrated- salts 
M,[BeF2C204] .xH20, which are also obtained from beryllium oxalate 
and alkali metal fluoride solutions, have been isolated. Analogous com- 
pounds containing malonate, salicylate, formate, acetate, or chloro- 
acetate groups have not been obtained (440, 445). Thermal decomposi- 
tion at ca. 400" of the alkali metal oxalatofluoroberyllates yields the 
tetrafluoroberyllate, the oxalate, and Be0 [cf. (249)l. At higher tem- 
peratures, the oxalate decomposes too, and the resulting carbonate reacts 
with fluoroberyllate to form the alkali metal fluoride and Be0  (101). 

8800 
2Kn[BeF&a04].HaO 3 2Ka[BeFaCaOd] - [KaBeFh + KaCaOi] + Be0 + CO + COP 

4KF + Be0 + COO C- [KaBeFh + KaCOs] + CO (18) 

The formation of monohydroxytrifluoroberyllates and basic beryl- 
lium fluoroberyllates, described by Mitra and Ray (306-31 I), Sen-Gupta 
(442), and Pascal (370), has been the subject of some controversy. 
Sen-Gupta (438)  has pointed out inherent discrepancies in this work and 
disputes the formation of some of these compounds. Kolditz and Bauer 
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(249) believe that the monohydroxytrifluoroberyllates are really tetra- 
fluoroberyllates and that the preparative method described by Pascal 
(370) for the preparation of one of these compounds, utilizing KF, BeF2, 
and Be(OH)2 in the ratio 4 :  1 : 1, proceeds in the manner: 

8KF + 2BeFz + 2Be(OH)z .+ 3KzBeF4 + Be(0H)Z + 2KOH (19) 

Although Mitra (306) interpreted his results from the thermometric 
titration of K2BeF4 with NaOH as indicating the formation of 
K2BeF30H, Sen-Gupta (438) states that in the hydrolysis of BeFi- 
with NaOH, Be(OH)2 is precipitated according to 

K2BeF4 + 2NeOH .+ Be(0H)Z + 2KF + 2NaF (20) 

I l l .  Beryllium Chlorides, Bromides, and Iodides 

A. ANHYDROUS SYSTEMS 

1.  Preparation 
Beryllium halides* are deliquescent and cannot be obtained from 

their hydrates, since on heating or on reaction with SOC1, or COCl,, 
hydrolysis occurs with consequent formation of basic halides (17,18,205, 
436, 544). A variety of methods are available for the preparation of the 
halides and the most convenient are by heating beryllium in a stream 
of dry halogen (5,19,24,160,219,231,302,393,555) or hydrogen halide 
(158, 181, 215, 219, 393, 430) at 400'-600". Reductive halogenation 
procedures of the oxide have been extensively employed using carbon 
and halogen (56,141,214,289,298,379,380,419,474,508,553), carbonyl 
halide (84, 111, 285, 286, 418, 419), or carbon tetrachloride (160, 289, 
300, 346, 474) and using beryllium carbide and halogen or hydrogen 
halide (215, 231, 271, 285, 298). Ether solutions containing mainly 
solvated beryllium halides are obtained by the reaction of beryllium 
metal with halogen or hydrogen halide in ether (17-19, 516, 521, 524). 
The equilibrium for the reversible reaction lies over to the left except 

Be0 + 2HC1 + BeCla + Ha0 (21) 

at very high temperatures (60, 473) and although beryllium chloride is 
also formed from Be0 and sulfur (88,289) or phosphorus chlorides (289),  
these reactions are less favorable; the halides have also been obtained 
by metathesis (109,118, 271, 430). 

* In Section 111, the use of the word halide refers only to the chloride, bromide, 
and iodide. 
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2. Properties 
The halides, which are insoluble in benzene (555) and usually only 

dissolve in solvents with which they react, may be isolated and purified 
by sublimation as colorless, crystalline needles, extremely sensitive to 
moisture and susceptible to oxidation on heating (144, 160, 393, 430, 
553). Silicon tetrahalides and Be0 are formed when beryllium halides 
are heated in glass apparatus (160, 187, 215, 219, 397, 465). 

2BeClz + 8i02  --z 2Be0 + Sic14 (22) 

A variety of melting and boiling points have been ascribed to the 
halides (see tabulation below). 

Halide M.p. ("C) B.p. ("C)  d y  (gm/ml) 

BeClz 399.2" (IGO), 404 (418) ,  482.30 (IGO), 488 (393) ,  (a'-modification), - - 
405 ( 1 4 4 ,  393), 410 
(432) ,  416 (244) ,  425 
(264) ,  440 (271)  

510 (&G3), 520 (473) 1.899 (214 ,  264) ,  
1.901 (298) 

BeBrz 487 ( I 4 4 ) ,  488 (393) ,  
490(271),506-509 

(430)  

Be12 480 (144, 393), 510 

(271)  
- 

(cr-modification), 
3.465 (285, 430) 

( 0: -modification), 
4.325 (298, 430) 

aAverage of 20 results spread over an 8' range. Numbers underlined are 

* Average of 12 results spread over a 3" range. 
considered most reliable. 

Data on the density and thermal coefficient of cubic expansion of 
BeCl, have been summarized by Klemm et al. (246246) .  The fused 
chloride is a poor conductor of electricity (66, 69, 282, 539) ; the specific 
conductance at 451' is about one-thousandth that of sodium chloride 

The chloride, which is isomorphous with SiSe and Me,Be, has four 
BeCl, molecules in the orthorhombic unit cell. I ts  structure (Fig. 4) 

(539). 

FIG. 4. The structure of solid BeC12. 
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consists of continuous chains with essentially tetrahedral configuration 
about each beryllium atom (411).  The Cl-Be-Cl bond angle is 98.2", 
which is less than the tetrahedral bond angle, as is also found for SiS, 
(104) ,  instead of more (114") as in Me,Be (472) ,  indicating all the bonds 
in BeCl, contain electron pairs with each chlorine atom using nearly pure 
p orbitals, i.e., BeC1, is not electron deficient. The Be-Cl distance is 2.02 
A [sum of covalent radii, 1.84 A ( 3 7 1 ) ] .  The chains pack rather like 
circular cylinders with the C1-C1 distance between chains about 3.85 A 
(411) .  

Electron diffraction studies ( 7 ,  8 )  on BeX, ( X  = F, C1, Br, I) showed 
two radial distribution peaks which were interpreted as Be-X and X-X 
distances in the monomeric species (Table IV). No evidence for the 

TABLE IV 

INTERATOMIC DISTANCES IN BaXz 

F 1.40 2.80 1.61 
c1 1.75 3.51 1.84 
Br 1.91 3.84 1.99 
I 2.18 4.22 2.23 

1.71 
2.16 
2.30 
2.51 

presence of Be2X, or BeX was found. The monomeric species are linear 
and, as expected, there is a shortening of the Be-C1 distance in going 
from the solid to the vapor, corresponding to the change from sp3 to  
sp hybridization [see also (434)l .  The Be-X distance is considerably less 
than the sum of the ionic radii, but approximates to the sum of the 
covalent radii; hence this must be regarded as direct confirmation that 
the Be-X bonds have a low degree of ionic character. Interatomic 
distances for MX, (M = Group I1 metal, X = F, C1, Br, I) are given in 
references (7,  8 ) .  

BeCl, exhibits several polymorphic transitions (264), but only the 
fibrous (a') modification, formed on sublimation, has been studied to any 
appreciable extent [see (all)]. The BeCl, tetrahedra can be packed in 
ways other than linear chains to form different polymorphic modifica- 
tions with small heat changes and, consequently, with very small rates 
of mutual conversion. On heating freshly sublimed BeCl,, the exothermic 
effects a t  250" and 340" correspond to monotropic polymorphic transi- 
tions and the endothermic effect a t  405" to an enantiotropic transition. 
During cooling of the melt, only one exothermic effect, corresponding 
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to solidification of the liquid, was observed. When previously fused 
BeCl, is repeatedly heated, only one eiiantiotropic transition is detected 
at 405", besides the fusion effect. On rapid cooling of the melt or on 
crystallization of the gaseous phase, a metastable a'-modification arises 
which on subsequent heating, is converted a t  250" into a cubic p'- 
modification and a t  340" into a ,!-form which is orthorhombic, like the 
a'-modification : 

250° 340' a'-BeClz --+ ,Y-BeC12 - p-BeC12 

On slow cooling of the melt, 

It is possible that the structure of the a-  and a'-modifications are identical 
(264) .  

Freshly sribliniecl bromide (a-modification) does not undergo any 
polymorphic conversion up to the melting point. This modification, like 
the a-modification of the iodide, isisostructural with the a'-form of BeCl, 
(430) .  Several forms of BeI, are ltnowii (231, 130) which are stable in 
different temperature intervals. 

I t  3. 
rnelt - rapid cooling - a-modification 

11 I 
x-modification 8"-modification +--- jY-modification 

The presence of these modifications of the beryllium halides may well 
account for the variety of melting points which have been found for them. 

There is ample evidence for rmociation in the vapor phase. The vapor 
of the iodide contains dimeric molecules : the equilibrium constants for 
the dimer-monomer equilibrium are 53.3 at 766" and 19.5 a t  636" and 
the heat of dissociation is 14.8 ltcal.itiole~l (252) .  The bromide is also 
associated in the vapor (393), but acciirate data regarding its composition 
are not known. The data on the vapor composition of the chloride 
are somewhat confusing and should be treated with caution. The 
vapor is calculated to contain 23'/0 dimer kit 562" (393), whereas a t  
500", it is presumed to consist largely of cliiner, and calculations from 
Brewer's ditta (95) show only niononier is present at 1000". Buchler 
and Kleniperer havc found evidence for associated species, which 
they have suggested are ditners (Fig. 5), from spectroscopic studies of 
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the vapor (103).  Mass spectra studies (412) of the vapor composition, 
over the narrow temperature range 223"-305", indicate dimer as well as 
monomer to be present. The dimer fraction under these conditions is 

FIG. 5. Beryllium chloride dimer. 

0.5-1.5% of the total number of molecules and increases with tempera- 
ture, but it has since been pointed out that  the possible contribution 
to  the BeCl,+ peak, due to  fragmentation of the dimer, was neglected 
(247).  Transpiration studies combined with torsion-effusion experiments 
show the composition of the vapor over solid BeCl, contains 65% dimer 
a t  198" and 90% a t  410", although a correction had to be applied in 
this work owing to  the presence of water in the solid which was weighed 
out in air (247).  A statistical analysis of torsion-effusion data indicates 
essentially monomeric species are present a t  effusion pressures a t  197"- 
237" (187).  Vapor pressure data for the halides are shown in Table V. 

TABLE V 

VAPOR PRESSURE DATA FOR BERYLLIUM HALIDES 
logp,, = A - B/T ( T  in "abs.) 

Temperature range 
Halide A B ("C) Ref. 

BeC12 11.61 6564 340-405 (393) 
10.64 5908 405-460 (393) 
11.83 7200 167-327 (187) 
11.83 7260 197-237 (187)  
11.859 7093 187-231 (211) 

BeBrz 11.68 6564 351-422 (393) 
Be12 10.64 5908 305-430 (393) 

The anhydrous halides may be reduced to the metal in varying 
degrees of purity by Li, Na, I<, Mg, or Ca (237, 271, 419), but only the 
fluoride reduction by magnesium (236, 316, 422, 534) and, less widely, 
electrolysis of chloride melts (419,553, 554) are of industrial importance. 
Reduction of BeI, with hydrogen (215),  its thermal decomposition (252, 
299, 465, 533), and electrodeposition from a variety of solutions of 
beryllium halides are not satisfactory sources of the metal (83-86, 220, 
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555). Electrolysis of BeC1,-alkali metal chloride systems proceeds in two 
stages: ( 1 )  primary deposition of Be on the cathode, and (2)  secondary 
deposition of the metal by electrically produced alkali metal (261, 262). 
The introduction of fluoride anions into chloride melts displaces the 
beryllium equilibrium potentid by 0.6-0.8 volts compared with that in 
chloride electrolytes. This suggests a considerable strengthening of the 
bond between beryllium and the anion on going from Be2+-C1- to 
Be2+-F- (469).  

3.  Halide Complexes 

The relative strength of halide complexes is as expected if the complex 
formation were due to essentially electrostatic forces. In  such cases, 
strong bonds should be formed by ligands combining slight polarizability 
with small ionic radii. These factors decrease monotonically from I- to  
F- and, therefore, the sequence of halide complexes is shown to be 
F- s C1- > Br- > I- (6) .  Whereas fluoroberyllates are known both in 
aqueous solution and in the solid state, owing to hydrolysis, chloro- 
beryllates are formed only under anhydrous conditions, while neither 
bromo- nor iodoberyllates are known, perhaps for steric reasons. 

The phase diagram of NaCl-BeCl, indicates the exist,ence of 
Na,BeCl,, isostructural with the sulfate, like one of the modifications 
of NakBeF, (427,563).  The tetrachloroberyllate undergoes a polymorphic 
transformation a t  221", marked by a sharp volume change, but without 
evident change of crystal structure ; the existence of a metastable phase, 
NaBeCl,, has been established (160,418,432).  The ion BeC1:- is believed 
to be present in fused MC1-BeC1, (M = K, Cs) mixtures (263, 468), but 
evidence has been obtained for the presence of both anionic and cationic 
beryllium complexes in the fused NaCl-BeCl, system (129) .  Lithium and 
sodium tetrachloroberyllates differ from the potassium analog in crystal 
structure and thermal stability. Potassium tetrachloroberyllate crystal- 
lizes with the ionic type of lattice of KBS04,  whereas the structure of 
Na2BeC1, can be regarded as intermediate between the predominantly 
ionic structure of K2BeCl, and the molecular lattice containing bridging 
units of the type 

There is some distortion of the BeC1,2- tetrahedra in the tetrachloro- 
beryllates on going from the sodium to the lithium salt (260, 433), 
although the symmetry of BeC1:- differs little from tetrahedral (427,428).  
The Be-Cl stretching force constant is 1.81 x lo5 dynes-cm-' and the 
bond length (1.89 A) in the isolated BeC1;- ion (422') is considerably less 
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than the bond length (2.02 A) in crystslline BeC1, ( a l l ) ,  in which all 
the chlorine atoms form bridge bonds and are essentially divalent. 

TABLE VI 

B~CIZ-METAL HALIDE PHASE SYSTEMS 

Metal Eutectic Composition 
halide temperature of eutectic Complex formed in system 

LiCl 
NaCl 
AgCl 
TlCl 

MgClz 

CdClz 
CaC12 
BaClz 
PbClz 

300 
215 
235 
370 

ca. 300 
ca. 350 

327 
355 
372 
292 

56 
51 
40 

85 
- 

85 
85 
87 
47 

LizBeCl4 

None 
NazBeCl4 

TlzBeCl4 and TlBezC15 

Solid solution formed with 
possible isodimorphism 

None 
Inconclusive 
BaBeCl4 
None 

A summary of BeC1,-anhydrous metal chloride phase systems (418) 
is given in Table VI. Vapor over BeCl,-AlCl, mixtures contain the species 
BeAlCI, (Fig. 6) and Be2A12C11, (Fig. 7)  (431).  

‘Cl’ 

FIG. 6. The BeAlC15 structure. 

The addition of hydrogen halide to ethereal beryllium chloride solu- 
tions produces the liquid complexes HBeC1,X 2Et20 (X = C1, Br) ; 

FIG. 7. The BezAlzCllo structure. 

pyridine displaces the ether molecules yielding the corresponding pyri- 
dine complexes. The compounds are formulated as [D * - - H - * * D]+- 
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[BeCl,X]- (D = pyridine, ether; X = C1, Br) (304),  like the similar com- 
pounds formed by the halides of Zn, Cd, Hg, Al, Ga, In, T1, and Sb 
(161-163). 

B. AQUEOUS CHEMISTRY OF THE HALIDES 

All the anhydrous halides dissolve in water with considerable heat 
evolution, forming solutions containing the hydrated beryllium ion, 
which may also be obtained from Be or Be0 and dilute acids (81,  248). 
Viscosity, freezing point, and conductivity data show the beryllium ion 
is more strongly hydrated than ions of other bivalent metals, which is 
in accordance with the large heat of solution of BeCl, and its small 
volume contraction when dissolved (155,208,456).  The strong hydration 
of the beryllium ion can be partly explained by its formation of co- 
ordinate links with water molecules, the coordinate links being formed 

pc]” 
FIG. 8. Tho [Be(Hz0)4]2+ ion. 

by donation of the electrons of the oxygen lone-pairs into vacant sp3 
beryllium orbitals (Fig. 8). Ions such as Ba2+ do not form such bonds; 
the solvation forces here are ion-dipole and electrostatic in origin. 

The solubility of BeCI, in water increases with temperature (72 ,274) ,  
but decreases in solutions of HC1 and LiCl ( 3 5 4 ,  whereas the presence 
of NH,Cl does not appreciably affect its solubility (343).  NaCl, KCl, and 
AlCl, are readily salted out of aqueous solution by BeC1, (73, 74 ) .  The 
coordination number of the beryllium ion in solution is about 4; the 
lifetime of water molecules in the first coordination sphere of the Be2+ 
ion a t  room temperature is approximately 3 x sec (143) .  The 
structure of beryllium chloride and bromide in concentrated aqueous 
solutions are thought to consist of polymeric chains of varying com- 
plexity (78, 79). However, because BeCl,, unlike BeF,, is a strong 
electrolyte in solution (200, 265, 391), it is therefore likely that such 
solutions will also contain ionic species of the type [Be(H20)J2+, as 
described earlier. 

The solid hydrate, BeCI, - 4H,O, which is extremely hygroscopic and 
stable up to  70°,  is obtained by concentration of aqueous beryllium 
chloride solutions. Partial hydrolysis of the hydrated salt or an aqueous 
solution of the salt, takes place with HCl evolution (20,  125, 274, 301, 
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368, 556). Other workers (436), who were only able to  obtain 
BeC1,-4.5H2O, suggested that as a greater number of ligands were 
attached to beryllium than corresponds to its coordination capacity, 
such compounds must be formed as a result of inclusion of excess ligand 
into the cavities in the crystal lattice of the 1 : 2 compound, analogous 
to  the inclusion compounds formed by urea with hydrocarbons. I n  view 
of the difficulty in obtaining BeCl,-2H,O (274), it is quite likely that 
the tetrahydrate can be formed containing the tetraaquoberyllium( 11) 
ion which is present in the structure of BeS04.4H20 (45,126, 459). The 
ease of hydrolysis increases from the fluoride to the iodide ; consequently, 
although BeBr24Hz0 has been isolated, the corresponding iodide could 
not be obtained (125). 

Basic chlorides, e.g., BeCl,-Be(OH),. 3H,O and BeO.BeC1,-5H2O, 
are formed by heatingBeC1, 4H20, by dissolving Be(OH), in concentrs- 
ted HC1 solution, and by evaporation of aqueous solutions of beryllium 
chloride containing excess beryllium ions (369, 392, 544). Compounds 
in which ether molecules replace water molecules in the beryllium halide 
hydrates and the basic hydrates have also been reported, e.g., 
[Be( H20)3Et,0]C12, [Be( H,O) ,( Et,O) ,]I2, and 5Be( H 2 0 )  3( dioxane)- 
CI,.Be(OH), (125, 368, 435, 545), but these have not been investigated 
in detail. 

Hydrolysis of the Be(I1) ion has been extensively studied, poly- 
nuclear species being formed. The addition of alkali to beryllium solu- 
tions causes precipitation to begin when OH:Be> 1, for the halides, 
precipitation is complete when 0H:Be is 2, and for the sulfate and 
nitrate when the ratio is ca. 1.8-1.9, i.e., the deposit contains some of 
the oxoanion. The formulas of the soluble complex ions, several having 
the general formula [Be,(OH),]”+ (293), formed on hydrolysis, are in 
some doubt. Bez02+ (17‘6,387,388), Be(OH)+ (359,387), Be,(OH)g+ (359, 
387), Be3(OH)if (59, 234, 290, 296, 359, 360, 417, 455), Be20H3+ (59, 
234, 296, 359, 455), Be,(OH):+ (296), Be(OH), (59, 234, 359, 455), and 
Be40$+ or Be,(OH):+ (415) have all been suggested and, in some cases, 
formation constants have been derived. The main hydrolysis product 
in aqueous (59) and dioxane-water (359, 360) solutions is Be,(OH);+, 
doubtlessly solvated (Fig. 9) (234), together with Be,(OH)3+; but there 
is disagreement over the contribution due to Be(OH),. 

There is no evidence for the existence of anionic chloroberyllate 
complexes in aqueous solution, analogous to fluoroberyllates, from 
electrochemical measurements (389) or from solubility isotherms of 
BeC1,-metal halide-water systems (72-76,84,335, 343,351,391). How- 
ever, from anion exchange experiments in chloride media, i t  has been 
proposed that the beryllium exists in the form of BeC1,- in such solutions 
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and from both the elution behavior on cation exchange resins and the 
distribution of beryllium between HCI and phosphoric acid esters, it has 
also been suggested that polynuclear cationic chloroberyllium complexes 
are also formed in solution (82, 132, 198, 251, 257, 361). 

H 

, ( H , o ) B < ~ ~ ~ ( o H , ) ,  
I I 

HO, ,OH 

FIG. 9. The solvated [Be3(OH)3]3+ ion. 
Be@&), 

In  the compounds Be& 'HgX, 5H20, Be(0H) OHgX, 2H20 
(X = C1, Br), 3Be(OH) 12Hg12.GH20 (475), 2BeCl2.M2C1,.2H2O 
(M = Fe, Cr), and 3BeC1,.2T1Cl3 (325) ,  the beryllium is more likely to 
be in the form of a cationic species than an anionic halide complex. 

C. COORDINATION COMPLEXES 

The beryllium halides are Lewis acids and form many coordination 
compounds with oxygen-, sulfur-, and nitrogen-containing donor mole- 
cules. Usually only two ligands coordinate to beryllium, the beryllium- 
halogen covalent bond remaining intact, but with strong donors having 
small steric requirements, ionization of the beryllium-halogen bond takes 
place and the tetracoordinated Be(I1) ion is formed. The known com- 
plexes of the halides are listed in Table VII, together with some of their 
properties. 

1.  Oxygen and Sulfur Complexes 
The hydrate, ether-hydrate, and ctioxane-hydrate complexes have 

been discussed earlier (Section 111, B).  Beryllium halide-diethyletherate 
systems have been extensively studied and have been the subject of 
several publications by the Russian workers Turova, Novoselova, and 
Semenenko. Beryllium chloride reacts exothermically with anhydrous 
ether, forming a two-phase solution from which colorless crystalline 
prisms of the bisetherate are deposited on cooling or evaporation of the 
solvent (460).  This compound (521)  and the analogous dimethyletherate 

(23) 
Be + 2HC1+ 2Eta0 - 
BeClz + 2Et20 / Be(oEtz)zC1z 

m.p. 43' (521,  522) ,  43"-44.5" (323)  

b.p. 105"-110" dec. (522)  



TABLE VII 

BERYLLIUM HALIDE AND PSEUDOHALIDE COORDINATION COMPLEXES= 

Complex M.p. ("C) Properties Solubility Ref. 

Be(Hz0)3(EtzO)Cl 
Be(Hz0)4(EtzO)- 

Cl2.0.25HCl 
5Be(Hz0)3( dioxane) - 

Be(Mez0)zClz 
[Be(EtzO)Clzlz 
Be(Etz0)zClz 

C12.Be(OH)* 

Be (EtzO ) 3C12 

Be (THF) zC12 
Be(THF)&lz 
Be(THP)ZClz 
Be(dioxane)Clz 

Be(PhOMe)&lz 
B~(CI(CH&OM~)ZCIZ 
Be(MeOCzH40Me)Clzb 

96 
- 

- 
- 

- 

63-64 dec. 
11G-118 
43-44.5 

- 

150 

161 
- 

- 

- 
- 

237-244 dm. 

- 

Colorless hygroscopic prisms 
Orthorhombic tablets evolving 

Colorless needles 
Deliquescent acicular crystals 

Colorless hygroscopic crystals 

HCl on heating 

Colorless hygroscopic crystals 
Colorless needles 
Colorless crystalline prisms 

Colorless acicular crystals stable 
in EtzO solution below -2" 

Colorless needles 
Solid, stable below -2' 
White needles 
White deliquescent crystalline 

White hygroscopic needles 
Colorless rods 
White crystalline hygroscopic 

Colorless crystals 

solid 

solid 

(125, 274) 
(402) 

9- 

td 
(524)  
(97 )  M 
(21,149, 323, 

460, 521, 522, 
555)  

(522) 

(425, 520) 
(520)  
(524)  
(342, 524) 

(153)  
(24 )  
(118, 524) 

(154) 



Be(PhCH: CHCH0)ZClz 

Be( HCO0Et)ZClz 
Be(MeCO0Me)zClz 
Be(MeC0OEt)zClz 
Be( MeCOOPr " ) zC12 
Be(MeCOOPr1)~CIZ 
Be(MeCO0Bu")zClz 
Be(MeCO0Bus)zCIz 
HBeC13 (Et 2 0 ) ~  
HBeClnBr(Etz0)z 
BeC12.3PoC13 
Be(SzN2O)Clz 
BeClz.GaC13.3Etzo 
BeCl~.B1Cl3.3EtzO 
CBe(Me2S)ClzIz 
Be(MezS)zC12 

Be(MezS)&lz 
Be( MeSCzH4SMe)ClZ 
Be(EtzS)&lz 

Be( quinoline)z(HzO)Clz 
Be[CO(NHz)z14Cl2 
Be( PhCONH2)ZClZ 

- 
- 
- 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 

5 8-58.5 
288-301 

61 
55 

135 
55, 117-119 

- 
- 
- 

__ 

- 
2 13-2 14 
107-109 

Colorless crystals 
Colorless needles 
White microcrystalline 

hygroscopic solid 
White hygroscopic needles, 

p = 7.33 D 
Viscous liquid 
White crystalline solid 
White solid 
Colorless viscous liquid 
White crystalline solid 
Light brown viscous liquid 
Brown viscous liquid 
Green liquid, fumes in air 
Green liquid, fumes in air 
White prisms 
Yellow solid 
White solid 
White solid, p = 6.29 D 
Colorless prisms 
White hygroscopic crystalline 

White needles, stable below 5" 
Colorless needles 
White needles at low temp., 

White needles at low temp., 

Colorless hygroscopic needles 
White solid 
White solid 

solid 

liquid at room temp. 

liquid at  room temp. 
(464)  

00 
(continue&) 
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TABLE VII --continued 

Complex M.p. ("C) Properties 
~~~ 

Solubility Ref. 

Be[o-C6H4(0H)NH&Clz 
Be[m-C&4(0H)NHzlzClz 
B ~ [ O - C ~ R ~ ( C O O H ) N H ~ ] ~ C ~ ~  
Be[m-Cd&(COOH)NH2]2Cl2 
Be[p-CeH4(NOz)NHzIClz 
Be[o-Ct&( OMe)NH2]zC12 
Be[p-C&r(OMe)NH212Clz 
Be[o-CaHr(OEt)NH2]&12 
B ~ [ P - C ~ H ~ ( ~ E ~ ) N H Z I ~ C ~ ~  
Be[-CsHs( OMe)NH2]&12 
Be( cocaine)zClz 
Be[CS(NHa)21zC12 
Be( PhNHCSNHa)C12 
Be(o-tolyl-NHCSNHz)Cl2 
Be(m-tolyl-NHCSNH2)Clz 
Be( p-tolyl-NHCSNHz)C12 
Be (PhNHCSNHPh)C12 
Be(o-toly1-NHCSNH-o- 

toly1)Clz 
Be(m-toly1-NHCSNH-m- 

toly1)Clz 
Be( p-toly1-NHCSNH-p- 

t0lyl)Clz 
Be (NH3 14C1-2 

Be(NHdZC1z 
BeCl2 -Be(NH2)2 xNH3 

Dark brown solid 
Ash-colored solid 
Light pink solid 
Brown solid 
Yellow solid 
Light gray solid 
Light gray solid 
Light gray solid 
Light gray solid 
Ash solid 
Colorless crystals 
Yellow hygroscopic solid 
Light yellow solid 
Light pink solid 
Light pink solid 
Light pink solid 
Light yellow solid 
Pink solid 

Pink solid 

Pink solid 

Colorless hygroscopic crystals 

x = 12, 6, and 2 
Colorless solid 

(57, 67, 149, 

(57, 67, 301) 
301) 

(57)  



Solid, poor analysis 
White powder 
White solid 
White solid 
White crystalline needles 
Colorless microscopic crystals 
White powder 
Crystalline needles 
Green solid 
Pink solid 
Pink crystals 
Light yellow solid 
Light ash solid 
Light ash solid 
Yellow needles 
Light gray solid 
Light red needles 
White solid 
Gray solid 
Brown solid 
Colorless acicular crystals, 

Dark red solid 
Violet solid 
Black solid 
Black solid 
White hygroscopic solid 
Yellowish solid 
White crystals 
Microcrystalline white solid 
White crystals 

d:' = 1.23 

_- 
(continued) 
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TABLE VII--continued 
~~~ ~ 

Complex M.p. ("C) Properties 
~ ~~~ ~ 

Solubility Ref. 

Be(1epidine)nClz 
Be(quinoline)zCl2 
Be( quinddine)2Clz 
Be( 2,2'-bipyridyl)Cl~ 
HBeCls (pyridine) 2 

HBeC12Br( pyridine)~ 
Be( 1 -phenyl-3-methyl- 

pyrazolone)2 (Et20)2C12 

Be(HCN)&l2 
B~(C~HI(CN)~)C~Z 
Be(MeCN)&12 
Be(EtCN)2C12 

B~(M~~CHCH~CH~CN),CIZ 
Be(Me&HCH&H2CN),Clz 
Be(PhCN)&lz 
Be(PhCH2CN)&12 
Be( p-MeCsH4CN)zClz 
Be( p-MeG&CN),Clz 
Be( a-C10€€7CN)&12 
Be( PhNO&C12 
Be( 8-nitronaphthylarnine)zC12 
Be( 2,4-dinitrophenyl- 

Be( 2,4-dinitrophenyl- 

Be (EtCN) zCl2 

hydrazine)Clz 

hydrazine)zCl2 

White hygroscopic solid 
Yellow solid 
White microcrystalline solid 
Colorless needles, dec. > 330' 
White crystals 
White crystals 
White microcrystals ; little 

evidence this is a pure 
compound 

White prisms 
White hygroscopic solid 
Colorless crystals 
Colorless hygroscopic prisms 
x = 2, 3, 4, 5,  7 
Silvery lustrous flakes 
5 = 2, 3,4 
Colorless needles 
White needles 
Colorless crystals 
1: = 2, 3, 4, 5, 7 
Yellow crystals 
Colorless crystals 
Orange solid 
Chocolate solid prepared at  100' 

Chocolate solid prepared at  0" 



Monochloro adducts 
[Be(OBut)C1]4 
[Be(OBut)(Et20)Cl]z 
[Be(OBd)(THF)Cl]z 
Be(0Et)Cl- 0.7CH3COOEt 
Be(0Prf)Cl- 0.5CH3COOPr' 
EtBe( 2,2'-bipyridyl)Cl 
[ButBe(EtzO)Cl] 2 

[( p-toly1)zC: NBeC112 
[ (p-tolyl(But )C: NBeC112 
[PhZC: NBeC112 
{Be[o-CsH4(NHz)O-]C1)2 
{Be[m-CsH4(NHz)O-]Cl)z 
[Be(o-C&&HaCOO-)Cl]~ 
[Be(rn-C,jH4NHzCOO-)Cl]z 

Be(Etz0)zBrz 

Be(Et2O)sBrz 
Be(THF)2Br2 
Be(dioxane)Brz 
Be(CH3COOEt)zBrz 
Be(H2S)zBrz 

- 
88-90 
- 
- 
- 
- 

79-80 
168-170 

160-165 dec. 
120-1 2 1 
- 
- 
- 

- 

- 
- 

70-72 dec. 

49,53 

- 
130 dec. 
- 
- 

- 

- 
- 

White solid, decomp. from 170' 
Colorless crystals 
Colorless crystals 
Viscous liquid 
Viscous liquid 
Orange-yellow solid dec. 167' 
Colorless needles 
Colorless crystals 
Colorless crystals 
Crystalline solid 
Black solid 
Dark ash solid 
Light mh solid 
Light brown solid 

Prismatic hygroscopic crystals 
Light yellow crystals 
Hygroscopic yellow crystals, 

sensitive to oxygen and light 
Colorless rhomboidal crystals, 

four molecules in unit cell 
Stable below -4' 
Flat crystalline tablets 
Colorless solid 
Brown viscous liquid 
Dissociation pressure 24.5 mm at 

Colorless crystals 
-20 

2 = 6, 10 

(14 )  
(14 )  
(14 )  
(295) 
(295)  
(47 )  
(204, 406) 
(484, 543) 
(484, 543) 
(484, 543) 
(384)  
(384)  
(3841 
(384) 

(323, 425, 521, 
523, 532) 

(523) 
(516) 
(342) 
(295) 
(64)  

(continued) 



Complex M.p. (“C) Properties Solubility Ref. 

BeBrZ*3Be(NH&.4NH3 
BeBrz. 3Be(NH&.8NH3 
2BeBrz - Be(NH2)Z - 8NH3 
Be( 2,2’-bipyridyl)Brz 

Monobromo adducts 
HBeClzBr (Et 2 0 )  2 

HBeClzBr(pyridine)z 
[Be(OBut)(EtzO)Br]z 
[Be( OBut ) (THF)Br]z 
Be(OEt)(CH&OOEt)Br 
[ButBe(EtzO)Br]z 

Diiodo adducts 
Be(HzO)z(EtzO)zIz 
Be(Mez0)zIz 
Be(dioxane)Iz 
Be( 4-aminoantipyrine)zIz 
Be(H2S)zIz 
Be(NH3)zb 
2BeIz - 3NH3 
BeIz- 3Be(NHz)ze4NH3 
BeIZ.SBe(NHz)2-4NH3 
Be( 2,2’-bipyridyl)Iz 

White crystals 
White crystals 
White crystals 
Pale orearn solid 

Green liquid, fumes in air 
White crystalline solid 
Colorless crystals 
Colorless crystals decomp. 230° 
Brown viscous liquid 
Colorless needles 

Brown solid, poor analysis 
Pale brown solid 
Pale yellow solid 
Light yellow solid 
Not fully characterized 
2 = 4, 6, 13 
Crystalline solid 
Crystalline solid 
Colorless crystals 
Yellow solid 

(57) 
(57) 
(57) 
(117,118) 



Monoiodo adducts 
Colorless crystals, dec. from 120' s(c)(e) (14 )  [Be( OBut ) (EtzO)I]z - 

[Be(OBut)(THF)I]z 167-168 dec. Colorless crystals s(c) (24 )  

Be( 4-aminoantipyrine) z (  SCN) 2 Pale yellow solid s(a)(k) (133) 
Be(EtzO)z(SCNh 37-38 White acicular crystals s(c)(e)(g)(k) (345)  

(345)  Be(dioxane) 2 (SCN) 2 - Pale yellow crystals - 

(220) [MeBeCN-MeaN], - Air-sensitive white solid - 

Pseudohalide adducts 
- 

~~ 

a Key to abbreviations : 
s = soluble a = water j = xylene 
i = insoluble b = dimethyl ether k = acetone 

8s = sparingly soluble c = benmne 1 = chloroform 
d = carbon tetrachloride 
e = diethylether 
f = toluene 
g = ethanol 
h = dioxane 

m = carbon disulfide 
n = phosphorus oxychloride 
p = dimethyl sulfide 
q = ammonia 

* Incorrectly described in ref. (524)  as Be(MeOCzH4OMe)zClz, but analysis correct for Be(MeOCzH40Me)Clz. 
d 
0 
B 
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(524) may also be prepared by reaction of the metal suspended in the 
ether with dry hydrogen chloride. Unlike beryllium chloride, the diethyl 
ether complex is appreciably soluble in CBHB, CSz, and CC14, although 
insoluble in petroleum ether (522). The hexagonal prisms are converted 
into a more stable modification on grinding, the properties of which differ 
from the former modification, being almost insoluble in ether and de- 
composing without melting. The melting point of the etherate crystals 
falls with time. Ether solutions, stored for a long time a t  room tempera- 
ture, form a crystalline film or a flocculent precipitate whose composition 
is close to Be(OEt,),Clz and is structurally identical to the previously 
mentioned stable modification. The transformation is thought to be 
related to a change in configuration of the Be(OEt,),Cl, molecule to form 
a more polar molecule which is less soluble in ether (522). After prolonged 
treatment of the dietherate in vacuo a crystalline dimeric monoetherate 
is formed, association occurring doubtless via chlorine bridges (97) (Fig. 
10). 

FIG. 10. The structure of [EtzOBeClzlz. 

Anhydrous beryllium chloride dissolves in ether forming a two-phase 
system, the lower layer being a solution of ether in the complex and the 
upper layer being a solution of the etherate complex in ether. The 
composition of the top and bottom layers does not substantially change 
with temperatures between 15" and 80". On cooling a dilute solution to  
about -70°, BeCl2.3Et20 crystallizes and this is stable below -2"; 
between -2' and 16", the dietherate, which melts under ether solution 
a t  14.6°-16.0" forming the lower immiscible layer, is the stable phase. 
The heats of solution of the di- and trietherates are -9.66 and -2.30 
kcal * mole-I, respectively, being slightly higher than those for the corre- 
sponding tetrahydrofuranates (520, 522). 

The bromide dietherate may be obtained in similar fashion to the 
analogous chloride by crystallization from its ethereal solutions. Such 
solutions are prepared by dissolving anhydrous beryllium bromide in 
ether or by the reaction of beryllium metal with HBr or Br, in ether 
(425,521). Brominated ethers are produced in the reaction of beryllium, 
bromine, and ether when carried out under refluxing conditions (17-19). 
The bromide dietherate has four molecules in the unit cell and is not 
isomorphous with the chloride (425). The melting point of Be(OEtz)2Br,, 
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in contrast to the chloride, does not alter with time. The existence of 
a trietherate has been demonstrated and this reverts to the dietherate 
above -4". The heats of solution for t h e  di- and trietherates are -7.35 
and -1 .go kcal * mole-', respectively. Crystals of the bromide-dietherate 
melt under ether a t  37", when a lower layer of a solution of ether in the 
dietherate is formed; layering of the solution remains up to 160" (523). 

Iodine also reacts with beryllium in ether, heat being required for 
the completion of the reaction, but a solid etherate could not be isolated 
(521). 

Decomposition of the chloride dietherate begins a t  55"-60" and is 
complete a t  220"-240", whereas the bromide analog starts to decompose 
a t  70" and decomposition is complete by 160"-170" (530). No definite 
intermediary thermal decomposition products are formed, but it may 
be inferred that decomposition takes place by the route 

Be(0Etz)zClz + EtOBeCl + EtCl + Eta0 (24) 

The bromide and chloride dietherates have dipole moments of 7.52 
and 6.74 D [6.23 D quoted in ref. (514)] ,  respectively, in benzenesolution 
a t  20" indicating the tetrahedral nature of the compounds (323, 532). 
Dielectric measurements on a number of molecular complexes of Be, Zn, 
Cd, and Hg halides have also been interpreted in terms of a tetrahedral 
configuration for undissociated complexes (2.29). Interaction between 
ether dipoles and the large dipoles of the beryllium halide bisetherates 
accounts for the existence of the weak trietherate complexes. 

Beryllium halide etherates are poor conductors of electricity, the 
chloride being the best of the series. Electrolysis of an ethereal solution 
of the chloride yields 92% pure beryllium metal and electrolysis of a 
bromide solution yields a less pure metal (555). For ethereal solutions 
of beryllium chloride and bromide, the conductivity of the upper layer 
increases with concentration, but that of the lower layer decreases. There 
is a sharp increase in molar conductivity (100-fold) and viscosity in 
passing from the upper to the lower layer. The bromide and chloride 
dietherates are associated in benzene, but, since all the bonding orbitals 
are occupied, association must be weak, involving electrostatic or 
polarization forces. The degrees of association (u) increase linearly with 
concentration up to u = 2-2.5 after which the increase is rather slow up 
to u - 3 (525), whereas the ether addition compounds of aluminum 
chloride and bromide exist mainly as monomers up to very high con- 
centrations (531). Isopiestic measurements in ether a t  concentrations 
bordering the heterogeneous region show the following degrees of associa- 
tion (525) as tabulated below. 
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Complex Temp. (“C) a 

Be(0Etz)zClz 20 3.0 
Be(OEt2)zBrz 20 2.9 
Be(OEt&Brz 37 3.0 

The structure of the trimeric associate based on dipole-dipole inter- 
action does not account for the large increase in conductivity and so 
it has been suggested that ion pairs of the type [BesC13(Et20)6]3*+[Cla-]3 
are present (526). 

Although dimethyl ether, tetrahydrofuran, and tetrahydropyran 
complexes of beryllium chloride have been isolated as crystalline solids, 
a dibutyl ether complex could not be obtained (520,524). The tetrahydro- 
furan complexes Be(THF) &12 and the corresponding bromide are iso- 
morphous; an iodide complex could not be isolated (425, 516). Both 
“monoglyme” and dioxane readily replace diethyl ether ; the dioxane 
complexes of the chloride and bromide are sparingly soluble in ether, 
dioxane, and benzene, indicating a polymeric structure for the adducts 
in which each of the two oxygen atoms in the dioxane molecule is 
coordinated to different metal atoms as in Mg(dioxane)Br2 (118, 342, 
524). 

The thio analog of monoglyme, MeSCzH,SMe, will not replace ether 
in beryllium chloride-ether complexes, sulfur being a weaker donor than 
oxygen to beryllium, but it forms a 1 : 1 chelate complex with beryllium 
chloride in benzene solution (118). 

The thermal stability of the chloride complexes with monoethers 
increases sharply from open chain to cyclic ethers. Melting points and 
thermal stability of dimethyl- and diethyletherates show some tendency 
to increase as the atomic weight of the halide increases. Beryllium 
bromide and iodide complexes with aliphatic ethers are light-sensitive 
(516, 524). 

The structures of some of the “onium” compounds formed by ber- 
yllium halides have been discussed and estimates made for the inter- 
atomic distances and bond angles in these adducts. The infrared vibra- 
tions in these complexes have been tabulated, but beryllium-halogen 
vibrations have not been assigned (434, 517, 529), although beryllium- 
oxygen vibrational frequencies are well known (157). 

Beryllium chloride forms an interesting colorless crystalline 1 : 2 
complex with 4-chlorobutylmethyl ether which is reduced by magnesium 
in ether forming the spiran-type compound beryllium bis-(a-methoxy- 
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butyl) which may also be prepared directly from the Grignard reagent 
of the chloroether arid BeC1, ( 2 4 ) .  

Me 
CHz-0 ClCH-CHI 

\ 
CHz 

/ \ \  
\ \ '  / 

BeClz + 2Cl(CH~)40Me ---+ CHz Be 

CHz-CH&l c1 O-CHa 
, Me 

Me 
CHz-C\Ha /O-CHZ 
/ \ 

/ I \  / 
CHa 
\ 

Me 

Be CHa 

CH2-0 CHz-CHz 

The rate of exchange of oomplexed and uncomplexed solvent, di- 
methylformaniide, at 290°K varies from 2 sec-' for A1Cl3 t o  150 sec-' 
for BeC1,. The primary solvation number for the Be(I1) ion is four, 
oxygen being the donor atom and the activation energy for the exchange 
process is ca. 16 kcal- mole-' ( 1 4 7 ,  294). 

Beryllium halides form 1 : 2 complexes with aldehydes, ketones, and 
esters (149, 153, 154, 829, 295). The adducts are usually prepared from 
anhydrous beryllium halides and the Lewis base, although ester cotn- 
plexes have also been obtained from the reaction of beryllium allroxides 
with excess acetyl halides (295) .  

Be(OR)Z + ~ C H J C O S  + Be(CHJCOOR)2S2 (26)  

R = Et, Pri; S = CI, Hr  

At Fi", solutions of BeCl, in Me,CO/C,H6 deposit the unusual complex 
Be( Me,CO),Cl,. 4C,;H B, which readily loses benzene (1 ,54) .  Beryllium 
chloride also reacts with POCl, forming the crystalline complex 
BeC'l, - 3POC13 (527) and with S,N, in thionyl chloride producing the 
yellow complex Be(S,N,O)Cl, and thiodithiazyl dioxide (S3N,0,) (28) ,  
but  the structures of these chlorides are not clearly established. 

The conductivity of BeC1, - AlCl 3 .  3Et .O is greater by three orders 
of magnitude than that  of Be(OEt,),('l, and is three times tha t  of 
Al( OEt,)CI,3 in benzene solution. It shows no sign of dissociation into 
its components in organic solvents a n d  forms a two-phase system in 
benzene and ether, even a t  high dilution, with the complex almost 
entirely concentrated in the lower phase. The complex which melts 
congruently a t  55O, has been formulated with the  ionic structure 
[Be(OEt,),Cl]+[AlCl,]- on the basis of its infrared spectrum (511, 515). 
Phase studies of the Be( OEt,2),C1,-Ga(OEt2)C13 system over the whole 
range of concentration of components showed the existence of a 1 : 1 
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compound, melting congruently a t  61", isostructural with the corre- 
sponding aluminum compound and which may, therefore, be formulated 
as [Be(OEt2),Cl]+[GaC1J (426) .  

Solutions containing adducts of beryllium halides with thioethers 
have been prepared by reaction of the halide with the donor and by 
reaction of beryllium metal in the donor solvent with hydrogen halide; 
reactions are less vigorous in thioethers than in ordinary ethers (118, 
464). 

(27) BE + 2HC1+ 2R2S -+ Be(SRz)zCla + Ha 

R = ME, Et, B u ~  

RzS = thiophene 

Only the bisdimethyl sulfide complex of beryllium chloride has actually 
been isolated ; Coates and Green (118) reported its melting point as 117"- 
119", while other authors (464) state that its vapor pressure is negligible 
up to  its melting point (55") ,  but that it decomposes from 65" with the 
formation of alkyl halide. The complex di-p-chlorodichlorobis(dimethy1- 
su1fide)diberyllium (Fig. 11) is obtained on evaporation in. V ~ C U O  of a 
toluene solution of Be(SMe2)&12 (118).  

FIG. 11. The structure of [MezSBeClz]2. 

Trithioetherates, Be(SR,),Cl, (R = Me, Et ,  Bui), have been obtained 
as white needles at low temperature, but these liquefy below room 
temperature (464).  Although weak adducts of BeBr, and BeI, with H2S 
have been obtained from which the H2S may readily be recovered, the 
chloride does not dissolve in, nor react with, H2S (64) .  BeI, reacts with 
H2S on heating to form beryllium sulfide (270) .  

Amide and thioamide complexes of beryllium chloride have also been 
obtained (385).  In  the urea and thiourea complexes, oxygen and sulfur, 
respectively, are the donor atoms since the former forms an inner 
tetracoordinated beryllium complex and the latter a 2:  1 complex in 
which the beryllium-halogen bond is retained ; oxygen is a stronger donor 
to beryllium than sulfur and the presence of the NH, groups enhances 
the donor character of the oxygen and sulfur atoms, whereas the carbonyl 
and thiocarbonyl group decreases the basicity of the nitrogen atoms. 
Spectroscopic studies have shown that oxygen and sulfur, respectively, 
coordinate to  the metals in urea and thiourea complexes of zinc and other 
metal halides (373, 557).  Steric factors are believed to preclude the 
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formation of 2 : 1 complexes with symmetrical and asymmetrical sub- 
stituted thioureas, although 1 : 1 complexes have been obtained in which 
sulfur rather than nitrogen is believed to be the donor atom, since these 
adducts are hygroscopic, unlike nitrogen coordinated complexes (385). 

The Raman spectrum of the BeCl.,-glycine system in aqueous solution 
is quite different from the spectra of the zinc- and cadmium-glycine 
systems. At low pH, a large shift in the C-C stretching frequency 
indicates strong coordination of the ligand to beryllium. Also, since the 
spectrum indicates that the amino group is protonated, i t  seems glycine 
binds only through the carboxyl oxygen and that Be(I1) coordinates only 
two glycine molecules in solution. With increasing pH, hydrolysis of the 
Be(I1) ion takes place with consequent breaking of the metal ligand bond 
(259). 

2. Nitrogen Complexes 
Beryllium halides form a series of ammonia complexes which increase 

in stability with increasing atomic weight of the halogen (65) .  The 
tetrammine, Be(NH,),Cl,, whose lattice parameters (424) differ little from 
those of K,BeCl,, may be prepared by reaction of the anhydrous chloride 
with ammonia or by reaction of the metal in liquid ammonia with two 
equivalents of ammonium chloride (57, 67, 149, 301). On heating above 
about 250", the tetrammine splits out NH,C1(138) but in vacuo a t  210"- 
255" the bisammine, melting a t  about 350", is obtained (138). Experi- 
ments using a tensieudiometer have shown that beryllium chloride forms 
weak complexes with 12 and 6 molecules NH, a t  low temperatures, as 
well as the 4 : 1 and 2 : 1 complexes. Likewise the bromide and iodide have 
been shown to form adducts containing 10, 6, and 4 molecules NH, and 
13, 6, and 4 molecules NH, per beryllium atom, respectively (67) ,  and 
the unusual complex 2Be1, *3NH, has also been reported (271). The 
tetrammines are the most stable and the adducts containing more than 
4 molecules NH, are found only a t  low temperatures (57, 67) .  The 
dissociation pressures, total and partial heats of formation of the 
beryllium halide-ammine complexes, and the heats of solution in 
hydrochloric acid have been determined; Be(NH,) ,C1 has a slightly 
greater heat of formation than has Be(H,O),Cl, (65, 67) .  

A solution of NH&l in liquid ammonia dissolves beryllium to form 
BeCl,, which, in turn, reacts with excess metal to form a very slightly 
soluble ammonobasic beryllium chloride of approximate composition 
BeCl, .Be(NH2), SxNH,. Similar reactions of BeBre with NH,Br yield 
BeBr,-3Be(NH,),.4NH3, SBeBr,.Be(NH,),. 8NH3, and BeBr,. 3Be- 
(NH,),. 8NH3, whereas the iodides produce Be12* 3Be(NH&. 4NH,, 
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which gradually dissolves beryllium metal forming a colorless, crystalline 
complex BeI,. 5Be(NH2)2 4NH3 (57) .  

Beryllium halides form a series of complexes with primary, secondary, 
and tertiary amines (97,149,151,153,381), diamines (150), andnitrogen- 
containing heterocycles (97,117,118,148,151,153,154). Aromatic amine 
complexes are normally colored and do not melt below 250' (149, 151, 
153, 381). The diamines usually form 1 : 1 complexes in which ligands 
such as 1,2-naphthalenediamine act as chelating agents, whereas ligands 
like p-phenylenediamine probably act as catenating ligands. Ethylene- 
diamine and benzidine produce complexes containing between 1 and 2 
molecules of amine per beryllium (150), while 4-aminoantipyrine forms 
chelate complexes with beryllium bromide, iodide, and thiocyanate (133). 
Phenylhydrazine forms 4: 1 and 3 : 1 complexes with BeCl,, the former 
being formed with a vast excess of donor and the latter when the ratio 
of BeC12:ligand is 1 : 3 (149,150). The hexamethylenetetrammine-BeClz 
complex is soluble in water and, on heating the aqueous solution, 
formaldehyde is produced (196). 

American workers have observed some unusual reactions of beryllium 
chloride with amines. Tetramethylhydrazine and beryllium chloride 
react in ether yielding a white precipitate from which at  120" in vacuo 
Me2NNMe, 1.5HC1 sublimes. In  similar fashion, tribenzylamine and 
trimethylamine hydrochlorides have been obtained from the correspond- 
ing amines. In the absence of solvent, pyridine yielded CSHSN.HCl, but 
in benzene solution Be(pyridine),Cl, was obtained. The fate of the 
beryllium in these reactions, where amine hydrochloride is formed, has 
not been established. These same authors suggest that the 2: 1 amine 
complexes of BeC1, have characteristics indicating their ionic nature and 
the ease with which the amine hydrochloride is formed supports their 
formulation as [L,Be]2t[BeC1,]2-. Further work is obviously necessary 
to establish the nature of the amine complexes of the beryllium halides. 

Coates and Green (117, 118) have prepared a series of colored 2,2'- 
bipyridyl complexes of beryllium halides and organoberyllium com- 
pounds. All are chelate complexes with high intensity bands in the 220- 
300 mp region, similar to those in free bipyridyl; the long-wavelength 
absorption bands only are given in Table VIII ,  together with the molar 
extinction coefficients. For absorptions giving visible color, there is a 
small decrease in A,,,, together with a marked decrease in extinction 
coefficient in passing from the less to the more electronegative halogen. 
For the organic derivatives the trend is in the same direction as the 
electronegativity of the organic group increases. The colors are due to 
electron transfer from one of the Be-X bonds to the lowest unoccupied 
orbital of the bipyridyl. Thus, in the excited state of the complex, the 
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Be-X bond is acting as an electron donor. The donor character will be 
greater if the electrons in the bond are relatively loosely held, as in 
beryllium alkyls, than if bonding were strong, as is probable in the 
beryllium halides, although it is possible for the halide complexes that 
the electron source is one of the nonbonding orbitals of the halogen. 

TABLE VIII 

2,2'-BIPYRIDYL COMPLEXES OF BERYLLIUM COMPOUNDS' 

Molar extinction 
X in Be(bipy)Xz Color A,,, (mp) coefficient x 10-3 

c1 White 352 infl. 1.2 
Br Pa10 cream 364 2.4 
I Yellow 368 7.0 
Ph Yellow 353 infl. 0.5 
Me Yellow 395 2.7 
Et Red 46 1 3.7 

a From Coates (118) ,  reproduced with permission. 

Lithium bipyridyl reacts with beryllium chloride forming the green 
solid bisbipyridylberyllium which is also formed from dilithium bipyridyl 
and Be(bipy),Cl,. This complex is formulated as (bipy-),Be2+ from 
magnetic and esr measurements (98, 118). 

- 2LICl - 2L1CI 
2Li bipy + BeCla __+ (bipy)*Be t- Linbipy + Be(bipy)Cla (28) 

Many years ago, BeCl, Bquinoline H,O was reported (404)) but other 
workers (151) have not been able to substantiate the existence of this 
compound. Hydrazine hydrate gives complexes of the type 2BeC1,. 
3N,H4. 4H,O and 2BeC1, .5N,H4 0 2H,O, which are probably mixtures 
of beryllium-aquo and beryllium-hydrazine complexes (150).  

Nitrobenzene forms a bis complex with BeCl,, but nitromethane 
reacts with the evolution of HCl (149) .  With nitriles, usually 2 : 1 adducts 
are formed. Succinonitrile forms a 1 : 1 chelate, whereas HCN forms a 
4 : l  complex, but cyanogen does not form a stable adduct (151, 154). 
In  the BeCl,(nitrile),-nitrile systems, the existence of adducts containing 
3 and 4 moles of isocapronitrile and 3, 4, 5, and 7 moles of propionitrile 
and p-toluinitrile per beryllium atom has been demonstrated. Aceto- and 
naphthonitriles readily char in the presence of beryllium chloride (152).  
Complexes of metal halides with alkyl cyanides have been reviewed up 
to  1965 (546).  
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Aminophenols, aminobenzoic acids, nitroanilines, and 2,4-dinitro- 
phenylhydrazine form 2 : 1 complexes which are usually insoluble in most 

H,N-B~ -N'% 
c l  'Cl 

FIG. 12. Proposed structure of B ~ ~ [ C ~ H ~ ( N H ~ ) O ] & ~ Z .  

organic solvents. The latter also forms a 1 : 1 complex with BeCl, a t  100". 
Heating BeC1, with the aminophenol or aminobenzoic acid complexes 
in a 1 : 1 ratio results in the liberation of HC1 and the proposed structures 

H,N-Be-NH, 
c;' 'ccl 

FIG. 13. Proposed structure of B~z[C~H~(NHZ)COO]ZCI~ .  

for the products are shown in Figs. 12 and 13 (384).  Evidence to  
substantiate these structures has not been presented. 

D. HYDRIDO- AND ORGANOBERYLLIUM HALIDES 

There are few references in the literature to  the hydrido- and organo- 
beryllium halides. Reactions between beryllium dialkyls and hydrogen 
halides, iodine, or beryllium halides and between the metal and alkyl 
halides, both in the presence and absence of ethers, produce the organo- 
beryllium halides (114, 134, 17'7, 178, 420, 561) .  The ether-free products 
are insoluble in alkyl halides and are doubtless coordination polymers. 
The beryllium-alkyl groups in such compounds add across carbonyl 
bonds producing, after hydrolysis, alcohols (561) in similar fashion t o  
the addition of beryllium dialkyls to carbonyl compounds (145).  

t-Butylberyllium chloride monoetherate (Fig. 14), obtained from 
di-t-butylberyllium etherate and beryllium chloride, is dimeric in benzene 
solution, though monomeric in ether solution. The analogous bromide 
has also been obtained. It is surprising that a bisetherate has not been 
isolated, although it probably exists in ether solution, but steric crowding 
round the beryllium may preclude its formation (204 ,406) .  
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Ashby has provided conclusive evidence for the redistribution of 
BeX, (X = C1, Br) with R,Be (R = Me, Et, Ph) in ether (18, 19). The 
product is formulated as RBeX [cf. (130)], analogous to the Grignard 
reagent (16 ,131) .  The degree of association of MeBeBr in ether is 1.0-1.1 
in 0.05-0.10 M solution ; Me,Be, MeBeCl, and PhBeBr are also essentially 
monomeric in the same concentration range. The 'H magnetic resonance 
spectrum of a 2 : 1 mixture of Me,Be and BeBr, in ether a t  -78' indicates 
the presence of Me,Be species, mixed with the redistribution product, 
MeBeBr (18, 19). Dimethyl sulfide solutions of BeC1, and excess Me,Be 
a t  -45" are believed to contain the species MeBeCl(SMe,),; whether 
BeC12-Me2S adducts are also present in such solutions has not been 
established (255) .  Coordination complexes of RBeX with dioxane and 

FIQ. 14. Tho structure of [ButBe(Et2O)Cl]2. 

2,2'-bipyridyl have been isolated from R,Be-BeX, mixtures (18,19,  47) 
and thus the Schlenk equilibrium (177) lies well to the right in ether 

RzBe+BeXz + 2RBeX (29) 

a t  room temperature. Beryllium reacts much faster with acid halides than 
with alkyl halides. The products of the former reaction have not been 
isolated in a pure state, but their structure as acylberyllium halides 
[RC( 0)-Be-XI was established by the character of their chemical re- 
actions. With water, acid halides, and ketones, these halides form 
aldehydes, a-diketones, and a-hydroxyketones, respectively (266, 267). 

Strohmeier and co-workers have prepared a series of crystalline 
diethylberyllium salts, having the general formula MX(BeEt,), (Table 
IX) ,  where MX is an alkali metal halide or pseudohalide or a quaternary 
ammonium halide and n = 1,  2, or 4. Complexes with LiF, NaCN, and 
CsCl could not be obtained (476-478,481). The ease of complex formation 
is related to the lattice energy of MX and increases with increasing radius 
of the cation, but decreases with increasing size of the anion (478),  as 
has been found for a similar series of salts of the aluminum alkyls (566). 
Ether-free diethylberyllium is liberated on heating most of the 2 : 1 
complexes in vacuo or in hot benzene solution. I n  some cases 1 : l  
complexes are formed; RbF(BeEt,), on heating in benzene yields the 
1 : 1 complex and an unusual complex RbF(BeEt,), (481) .  The structures 
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KF 2 83 
KF 1 46-48 
RbF 2 61-63 
CsF 2 29-31 
KCN 4 52-63 

TABLE IX 

COMPLEX DIETHYLBERYLLIUM SALTS MX(BeEtz), 

M e a F  2 80-90 dec. 
Me4NCl 2 Liquid 
E t a C l  2 Liquid 
PhCH2(Me)3NF 2 Liquid 
PhCH2(Me)3NCl 2 Liquid 

MX MX n M.p. ("C) 

of the 2:  1 complexes are probably similar to that of KF(A1Et3), (Fig. 
15) (13). The specific conductivity of these salts lies in the range 10-2-10-3 

FIG. 15. The ion [(AlEt&F]- in KF(AlEt&; the fluorine atom is octahedrally 
surrounded by six potassium ions. 

mhos. cm-' at  80" and the decomposition potentials, which decrease with 
increasing temperature, are considerably larger than the polarization 
potentials (480, 481). Beryllium metal, containing 20-30% beryllium 
carbide, is electrically deposited from the 2 : 1 complexes at  60"-100" 
(479, 483). The following mechanism has been proposed for the electro- 
lysis of KF(BeEt2),. The deposited beryllium contains both Be,C and 

Cathode : K+ A K  

K+EtaBe __* KEt+EtBe' 

K + EtBe' - KEt + Be 

BeEtaF - EtBeF+Et' - 0  Anode: [BeEtaFI- - 
2Et' - C ~ H I + C ~ H ~  

polycrystalline K.  Evidence for the radical intermediate EtBe ' is pro- 
vided from the fact that when the electrolysis is carried out in the 
presence of pyridine at  80", the formation of the radical complex 
(pyBeEt)' is indicated by ESR (482). 

Although the hydridoberyllium halides have not j e t  been formed, 
a recent disclosure (454) reveals the formation of their tertiary amine 
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complexes. These complexes, HBeX. L ( X  = C1, Br, I ; L = tertiary 
amine), are essentially dimeric in benzene solution (where molecular 
weights have been measured). Thus, the structures of these compounds 
(Fig. 16) contain a double hydrogen bridge between two beryllium atoms 

FIG. 16. Hydridoberyllium chloride-amine complexes (L = tertiary amine). 

like the similar complexes formed by the organoberyllium hydrides 
(48-50). The adducts are useful intermediates for the production of pure 
beryllium hydride, a useful component for propellants, and can be 
decomposed thermally to pure metallic beryllium. Reaction with olefins 
results in the formation of organoberyllium halide-amine complexes ; 
reduction of aldehydes, ketones, nitriles, and esters can also be effected. 

E. ALKOXY- AND KETIMINOBERYLLIUM HALIDES 

The literature gives little information about the alkoxyberyllium 
halides. Acetyl halides react exothermically with beryllium alkoxides 
yielding ester complexes of the alkoxyberyllium halides. 

Be(0R)Z + CHsCOX + Be(OR)X.xCH3COOR + ( 1  - x)CH3COOR 

R = Et, Prl; X = C1, Br; x = 0.6-0.7 

With excess acetyl halide, ester complexes of the beryllium halides are 
produced (295).  

Dimeric t-butoxyberyllium halide etherate complexes (14)  have been 
obtained by similar routes used for the formation of dimeric alkoxy- 
magnesium halide etherates (119).  Tetrahydrofuranates, prepared from 

(30) 

\ 
MesBe + BeXs + 2MeaCO + 2EtsO 

MepBe + BeXg + 2ButOH + 2EtsO - [Be(OBul) (EtaO)Br]s (31) 

2LiOBut + 2BeXa + 2EtpO 

X = C1, Br, I 

the etherates by displacement reactions, are also dimeric in benzene 
solution. [Be(OBut)(Et20)Br], is also dimeric in the solid state, its 
structure (453) being similar to that of the corresponding magnesium 
complex (317) with butoxy, rather than halogen bridges (Fig. 17) as 
expected, since beryllium- and magnesium-halogen bridge bonds do not 
often persist in the presence of ethers. The ether-free chloride (24) is 



308 N. A. BELL 

tetrameric in benzene solution like many alkylberyllium alkoxides ( 245) 
having probably a cubane-type structure like ( M ~ Z ~ O B U ~ ) ~  (452).  

But 

B r  OEt, 

FIG. 17. The structure of [Be(OBut)(EtzO)Br]z. 

An unusual series of compounds, X,Be3(0But)4 (X = C1, Br, I, Me, 
But, PhCS,  N3, and BH4), has recently been obtained (14) .  The struc- 
tures of the chlorine member of this series (453) and [(Me,N),BeIs (22) 
are very similar (Fig. 18). In this latter compound, the terminal nitrogen 

/\ Be-NMe, 
Me,N-Be 

NMe, 

OBut 

OBu' 

FIG. 18. Structures of [(MezN)zBe]~ and ClzBes(0But)a. 

and beryllium atoms are free to form a dative 7r bond. Beryllium- 
chlorine 7~ bonding may be present in C ~ , B ~ ( O B U ~ ) ~  and also in the 
ketiminoberyllium chloride dimers (R,R,C=NBeCl),, which contain 
bridging ketimino groups (484, 543). 

F. MISCELLANEOUS REACTIONS 

Reactions of the halides, especially the chloride, with Grignard or 
lithium reagents or with organoaluminum compounds have been used 
for the preparation of beryllium alkyls and aryls (115, 116, 177, 179, 
181,258,312, 377). With sodium hydridodiethylberyllate, or with R,Be 
(R = alkyl, aryl) and LiH or NaBEt,H in ether, solutions are obtained 
from which organoberyllium hydride complexes may be isolated (48-50, 
121). 
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Beryllium bromide has been used as a catalyst for the bromination 
of several organic molecules (365,366,485). The chloride acts as a Friedel- 
Crafts catalyst and as a catalyst in the polymerization of olefins, but i t  
is less effective than either AlCl, or ZrCl, (90, 123, 194). 

Beryllium dialkyls usually react readily with donor molecules con- 
taining a reactive hydrogen atom, liberating alkane and forming as- 
sociated compounds. The halides require more vigorous treatment before 
hydrogen halide is liberated in similar reactions. With organic acids and 
anhydrides, the normal or basic salts are formed (141, 158, 382, 429) 
and with alcohols or alkali metal alkoxides, beryllium alkoxides are 
produced (15, 30, 51, 149, 159, 383, 519, 528). 

G. UNIVALENT BERYLLIUM HALIDES 

Although beryllium usually exhibits a charge number of two, there 
is some evidence, especially spectroscopic evidence (Section V), for the 
existence of Be(1) halides. 

The readily oxidizable intermediate, formed by the anodic dissolution 
of beryllium in halide solutions, is thought to be a Be(1) derivative (207, 
268, 466-468)) but the equilibrium concentration of Be+ a t  25" is very 
small and thus suggestions (80,81,  166) that Be( I) may form a t  ordinary 
temperatures must be doubtful. Beryllium iodide reacts with beryllium 
a t  400°, as shown by the disappearance of the metal, which is replaced 
by a fine white powder having a Be : I  ratio of 1 : 1.4, but there is some 
doubt concerning the reliability of the beryllium analysis in this work 
(215). 

In  view of other unconfirmed reports of metals exhibiting unusual 
valency states, further work is necessary before the existence of Be(1) 
a t  ordinary temperatures can be substantiated. 

IV. Beryllium Pseudohalides 

A. CYANIDE 

The product of the reaction between beryllium iodide and cyanogen 
a t  ca. 500" probably contains beryllium cyanide, since i t  dissolves in 
water forming a viscous solution which shows reactions characteristic 
of aqueous cyanide solutions (271) .  The anhydrous cyanide is precipi- 
tated from solution when ethereal dimethylberyllium is added to excess 
HCN in benzene. It does not react with trimethylamine nor dissolve in 
solvents with which it does not react since it, no doubt, has a cross-linked 
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polymeric structure (120, 283). Equimolar quantities of the above re- 
actants form methylberyllium cyanide, which is associated like its tri- 
methylamine complex (120). 

B. AZIDE 

Beryllium azide, Be(N,),, is precipitated as a white, water-sensitive 
solid in the reaction of HN3 with Me2Be at  low temperature. It is reason- 
ably stable like the alkaline earth azides (551).  

C. THIOCYANATE 

An aqueous solution of Be(SCN)2 is obtained from the reaction of 
BeC03 and HSCN. From such solutions, a viscous or vitreous material 
is obtained, dissolving readily in donor solvents (339).  Bisether, bis- 
dioxane, and bis-4-aminoantipyrine complexes of Be( SCN)2 and the 
double salt Cs2Be( SCN)4 2H20 have been prepared and characterized 
(133, 339, 344, 345). The extraction of beryllium from aqueous am- 
monium thiocyanate solutions into organic solvents has been studied 
with a view to using this as a means of separating Be from other metal 
ions (61-63). The highest distribution coefficient (BeE$./Bez:) was found 
when the organic phase was alcohol, ester, or ketone a t  pH 2-3; the 
beryllium extracts, as does Li+, Mn2+, A13+, or Fe3+, as the simple 
thiocyanate salt (61). 

V. Spectroscopic Studies 

Studies by Klemperer and co-workers (550), using electric quad- 
rupole deflections of molecular beams to detect dipole moments, indicate 
that in the case of the gaseous group I1 dihalides, the linear form is found 
for light metal-heavy halogen, whereas the bent form is favored for light 
halogen-heavy metal combinations. The observed trends in the geo- 
metry of these halides has been explained on orbital energy considera- 
tions (203).  The linear geometry of the beryllium halides has been 
confirmed by infrared spectroscopy (470). 

Using the matrix isolation technique, the infrared spectra of the 
halides have been recorded by Snelson (470, 471) ; his assignments and 
calculated force constants, which are close to those found for the mono- 
halides, are shown in Table X. Other bands a t  1260 and 826 cm-' in the 
fluoride and 670 and 760 cm-l in the bromide are believed to be due 
to associated species [see also (103)] .  A preliminary report (403) of the 
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emission spectrum of BeBr, has appeared in the literature. The force 
constant (1.1 mdynes/A) in glassy BeF, is much smaller than for the 
gaseous linear molecule (562) and the main band at ca. 770 cm-' in glassy 
BeF, is attributed to the Be-F stretching vibration in the BeF, tetra- 
hedron (44, 52) .  

For the Be-C1 molecule, two electronic states, X2Z and A217, are 
known. Herzberg (206) applied new physical constants and conversion 

TABLE X 

INFRARED ASSIGNMENTS FOR THE BERYLLIUM HALIDES 

Neon 330 1542 238 1122 207 993 878, 872 
Argon 309 1528 1108 985 877, 867 
Estimatedgas-phase 345 1555 250 1135 220 1010 873 

Stretching force 5.15 3.28 2.53 1.96 

Bending force constant 0.12 0.08 0.06 0.04 

frequency 

constant (mdyneslk) 

(mdyneslk) 

factors to the spectral data of Friedrickson and Hogan (156) and ob- 
tained a value of 4.2 eV for the dissociation energy of BeCl. Gaydon (165) 
applied further corrections and obtained a value of 3.0 eV. In 1960, 
Novikov and Tunitskii (327) obtained a new set of spectral data for BeCl 
and derived a value of 5.9 eV for the dissociation energy. The doublet 
in the band spectrum of Be1 in the 4100-4500 A region is analogous to 
the 217-2Z system of the other monohalides (320).  The band spectrum 
of the BeF molecule was investigated in emission by Datta (128) and 
Jenkins (230)) and only one band system in the UV region (3393-2812 A) 
has been attributed to this molecule. The system, designated an A-X, 
has been attributed to arise from a 217-2Z transition, for which the 
Franck-Condon factors, r-centroids, and vibrational constants have been 
evaluated (235, 305, 319, 494). A band in the visible region is also 
attributable to the 2Z-217 transition [cf. (394)l. In the emission spectrum 
in the vacuum ultraviolet (326)) four band systems are ascribed to the 
Be-F radical. The rotational constants of BeF in the C2Z state are close 
to the values found by Rao and Rao (394),  who incorrectly assigned 
their band system to the B2Z-A217 transition, instead of to a C2Z-A217 



312 N. A. BELL 

transition (326).  Several conflicting values [5.4 (319),  8.0 (494),  4.0 (463) ,  
5.86 (209),  and 6.4 eV (18S)l for the dissociation energy of the BeF 
molecule have been reported, most having been obtained by a Birge- 
Sponer extrapolation from vibrational analysis of electronic spectra, but 
the results are inherently of a low order of accuracy as a result of this 
very long extrapolation. From mass spectrometric study of vapor species, 
produced by the fluorination of beryllium with CaF, and BF, in a Knud- 
sen effusion cell, the value 5.85 f 0.1 eV was derived for the BeF 
dissociation energy. This thermochemical value clearly establishes that 
the dissociation products of the X2Z state of BeF are Be( IS) and F ( 2P), 
while those of the A217 state are Be( 3P) and F( ‘P) (209).  

The vibrational spectrum of Be(NH3)4C12 shows bands a t  914, 493, 
and 290 cm-l in the infrared, which are assigned to vibrations of the 
BeN4 tetrahedron; the weak band a t  493 cm-l has been attributed to  
a slight distortion of the tetrahedron in the crystal lattice (188, 190). 
Bands assigned to  Be-0 vibrations lie in the region 860-930 cm-l in 
a series of complexes of BeCl, with oxygen donors (529).  

Two intense bands a t  ca. 386 and 800 cm-’ are observed in the 
absorption spectrum of K2BeF4 which are ascribed to the triply de- 
generate vibrations, the former due to deformation (v4 )  and the latter 
to  the valence vibration (v3). I n  the Raman spectrum, the intense band 
a t  560 cm-l is due to the totally symmetrical vibration and another weak 
band a t  388 cm-l is ascribed t o  v4;  repeated exposure yielded a weak 
band of the triply degenerate vibration a t  ca. 800 cm-l, and the splitting 
of this band is explained by the lowering of the symmetry of the BeFf 
ion in the crystal field from T ,  to C3”. In  accordance with this, a weak 
band in the infrared exactly corresponding to  the total symmetrical band 
(vl) in the Raman spectrum is found at  560 cm-l. A similar split of Y, 
also probably occurs in the spectra of rubidium and cesium fluoro- 
beryllates, since these compounds also exhibit weak bands at  550 and 
640 cm-l, respectively (189,372) (Table XI). 

I n  the Raman spectrum of (NH4),BeF4, relatively weak peaks a t  
543 and 800 cm-’ are assigned to  v 1  and v,, respectively, and very broad, 
low intensity peaks occur in the 300-400 cm-l region. From the presence 
of peaks at  575 and about 420 cm-l, it has been suggested (191) that  
BeF, 2NH3 should be formulated as [Be(NH,)4]2f[BeF4]2-. 

The force constants for tetrahedral beryllium compounds of similar 
type increase regularly in the order Be-N, 2.38 (188, 190);  Be-0, 3.04 
(190);  and Be-F, 3.50 md/A (189) .  

The band a t  540 cm-l in the absorption spectrum of K2BeC14 corre- 
sponds to the triply degenerate stretching vibration of the BeCli- ion. 
The Raman band a t  210 cm-l is probably due to the triply degenerate 
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deformation vibration, while two equally intense maxima in the region 
of the triply degenerate stretching vibration in the absorption spectrum 
of Na,BeC14 are ascribed to  strong interion dipole-dipole interactions 
in the crystal lattice and not to slight distortion of the tetrahedra (427) .  

Although the literature contains reports of the 9Be wide line spectra 
of the solids beryl (202) ,  chrysoberyl ( 4 2 l ) ,  and beryllium oxide (217) ,  
there are only two reports (254, 256) of the NMR signal of the gBe 
nucleus in solution. The spectra of beryllium chloride in ether, the 

TABLE XI 

SPECTROSCOPIC ASSIGNMENTS FOR THE ALKALI METAL 
TETRAFLUOROBERYLLATES 

Metal v1 v3 v4 

Li 616 785, 809, 864 364, 330 
Na 550,567 767, 858 376 
K 560 805, 835 386 
Rb 550 797 379 
cs 540 780 372 

acetylacetonate and 8-hydroxyquinaldinate in chloroform, and beryl- 
lium sulfate in water showed a single resonance line whose width a t  half- 
height was generally 5-10 Hz. No chemical shift from basic beryllium 
acetate standard was observed. Stronger bases in the adducts of beryl- 
lium species shift beryllium resonance signals to higher fields. The 
chemical shifts of beryllium chloride in the solvents MezS, Et,O, and 
NH3 occur a t  -5.5, -3.1, and -1.7 ppm, respectively, relative to 
[Be(H,0),l2+ consistent with the known relative base strengths of 
these solvents. The adduct MeBeCl( SMe2)z exhibits a resonance signal 
at -4.2 ppm. The only spin-spin coupling observed between 9Be and 
other nuclei is for aqueous solutions of BeF, and (NH4),BeF,. The 
tetrafluoroberyllate ion gives a 5-line spectrum, JoBe-lgF = 33 f 2 Hz. All 
the compounds mentioned except BeF, are tetrahedral and thus the 
electric field surrounding the beryllium nucleus is relatively sym- 
metrical and quadrupolar coupling is minimized and therefore narrow 
lines are observed. The beryllium-9 resonance of saturated aqueous 
beryllium fluoride solutions consists of a rather broad triplet centered 
a t  0.8 ppm relative to  [Be(H2O),l2+ with JeB,teF = 28 Hz, favoring the 
presence of a tetrahedral species (BeF,. 2H,O) in such solutions (256) as 
proposed by Linnell and Haendler (276) .  However, conductivity emf and 



TABLE XII: THERMODYNAMIC PROPERTIES OF BERYLLIUM MONO- AND DIHALIDES~ 0 

+P 
+ 

BeCl BeBr Be1 Property b BeFz BeClz BeBrz Be12 BeF 

-241.2 (a) (250) -109.2 (458) 

-245.44 (c )  (113) 
-244.3 (b) (113) -112.6 (302) 

AH?(Z980K, 

-117.1 (f) (193) 
-117.5 (e) (193) 
-118.03 (232) 
-118.25 (507) 
-119.0 (a) (193) 
-155.0 (379) 

-183.8 (210) -84.33 (247) 
-184.4 (96) -86.0 (96) 

AHZZ98~It)*eous 

-187.0 (210) -86.1 (211) 
-191.2 (71) -196.3 (g )  (247) 
-191.3 (71) -197.18 (g) (247) 

~HSUB(ZWK) 55.3 (h) (210) 32.0 (96) 
55.4 (h) (210) 32.1 (187) 
56.0 (210) 32.5 (211) 
56.8 (96) 33.0 (247) 
58.1 (71) 33.1 (187) 

35.1 (g)  (247) 
37.49 (g) (247) 
38.38 (9) (247) 

64.63 (137) (755'K) 30 (393) 

55.20 (239) (O'K) 
55.56 (137) (0°K) 32.9 (187) 

66.6 (71) (750'K) 

(613"-733"K) 
32.2 (247) (471OK) 

( 440°-600"K) 

(4960-57S°KI 
34 (g)  (412) 

-88.8 (96) -50.6 (96) -14 (542) 34 (542) 48 (542) 67 (542) 

-40.0 (209) 2.0 (184) 
-58 (96) -20.6 (96) -48.3 (186) 3.7 (184) 

-52.6 (186) 13.1 (211) 
% 

? 
W 
M 

F 
31 (96) 30 (96) 

30 (393) 27 (393) 
(624"-695'K) (578"-703"K) 

56.64 (446) 36:O (g) (247) (663'K) 
( 740°-803"K) 

(767'-821°K) 
63.0 (341) 44 (412) (496'-57S°K) 



90 .Yb  ( 3 Y 1 )  

50.1 (447)  

50.88 (446)  

53.22 (185)  

55.51 (239)  

t 2  (213)  

32.9 ( 5 3 )  
34.5 (53) 

( 1094"-1275°K) 

( 1075°-1298"K) 

( 1076°-12410K) 

( 823°-12230K) 

(846'-950"K) 

52.3 (183)  
52.4 (183)  

47.8 ( 7 1 )  

44.9 ( 7 1 )  (750'K) 

68.1 (471)  (880'K) 
69.0 (210)  (88OOK) 

38.7 (185) 
(550"-950°K) 

2.07 (f) (277)  

24 (412)  

-44.5 (379)  
-50.38 (260)  
-51.1 (288)  

18.12 (d) (277)  
19.76 (e) (277)  
92.51 (g) (247)  

43.2 (187)  
52.99 (247)  

42.7 (187)  

48.04 (247)  (663'K) 

66.6 (470)  (500'K) 

(440°-6000K) 

14.8 (252)  

51.2 (186)  53.0 (184)  

a Key to abbreviations: (a) ~-cristobalite modification (b) amorphous modification (c) quartz modification (d) 8-modification 
(e) a'-modification (f) a-modification (g) dimer (h) a-quartz modification 

Entropy values in cal-mole-1 .degree-l; enthalpy values in kcal .mole-l. 2 
cn 
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lQF magnetic resonance studies support the presence of other fluoro- 
beryllium species in dilute solution (108, 389). 

The lQF spectrum (146, 254) of aqueous ammonium tetrafluoro- 
beryllate at 20" showed a single quartet, all four components equally 
intense and, therefore, all fluorine nuclei are equivalent ; JPge-LOF = 

33.2 & 1.2 (254),  33.7 f 0.2 (146),  and 34.0 Hz (108).  A quadruplet in 
the spectrum of commercial (NH,)2BeF, has been attributed (140) to 
BeF,-, consistent with the formulation [BeF, H20]-. The spectra of 
aqueous beryllium solutions (108) containing variable amounts of 
fluoride show a quartet for each species present in solution. When 
F:Be = 0.5 ,  only BeF+ was 'detected; when F:Be = 1.0, both BeFf 
(65%) and BeF, (35%) were detected; when F:Be = 2.0. BeF+, BeF, 
(60%) and BeF,- [see also (140)l were present, and when F:Be = 4.0, 
BeF3- (22%) and BeFz- (78%) were the only species in solution. The 
coupling constant increases with decrease in the number of fluorine 
atoms in the complex, but the line-widths in the multiplets do not 
substantially change from BeFi- to BeF+. 

VI. Thermodynamic Properties 

The increasing interest in beryllium and its compounds in such fields 
as rocket propellants and nuclear reactors has dictated the necessity for 
obtaining accurate thermodynamic and physical data for its compounds. 
The known thermodynamic parameters for the beryllium di- and mono- 
halides are listed in Table XII, and it is obvious that the monohalides 
are unstable with respect to disproportionation and could not exist in 
an ionic lattice. The evaluation of the enthalpies of formation and the 
entropies of metal dihalides is discussed by Brewer and co-workers (96) .  

The heat of solution of anhydrous BeF, is -24.17 kcal - mole-l (254, 
which may be compared with the heats of solution of Be and Be0 in 
hydrofluoric acid of 94.26 and 23.3 kcal. mole-l, respectively, (287). 
Values for the corresponding chloride systems are 13.65, 87.9 (287), and 
-89.2 kcal. mole-1 (507),  respectively. The standard heats of formation 
of some alkali metal tetrachloroberyllates, M,BeCl, (M = Li, -315.50; 
Na, -316.54; K, -336.22 kcal.mole-l), have been derived (260) via the 
enthalpies of reaction for 

2MC1+ BeClz + MaBeC14 
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