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Thermal analysis was used to investigate the following seven 

systems: H2S -B2F4, SOF2 -B2F4, COC12 -B2F4, SF4 -B2F4, 

Xe -BF3, NF3 -BF3, and NF3 -BC13. In two of the seven systems 

compound formation was observed. 

In the system, H2S -B2F4 the compounds H2S B2F4 and 

2H2S' B2F4 are formed. The compound H S 
2 

B2F4 has a melting 

point of -94, 9 
± 0, 3° C while the compound 2H2S B2F4 melts at 

- 100. 3 O. 3° C. The system has three eutectics at 16. 2, 35. 2 

and 50.5 mole percent B2F4 and at -107.4 t 0. 3° C, 

-100.4 t 0. 3° C, and -94, 9 ± 0. 3° C, respectively. 

In the system, SF4 -B2F4 the compound SF4 B2F4 is formed. 

The SF4 B2F4 slowly decomposes at room temperature. Two 

eutectics are found in the phase diagram at 3 t 2 and 98 ± 2 mole 

percent B2F4 and at -116.3 ± 0. 5° C and -59.8 ± 0. 5° C, 

respectively. 



The system, SOF2 -B2F4 has a single eutectic at 24 mole per- 

cent B2F4 and a temperature of -141. 7 ± Q. 5o C. The two corn- 

ponents are completely miscible. 

The system, COC12 -B2F4 has a single eutectic at four mole 

percent B2F4 and a temperature of -132. 5 f O. 5o C. The two 

components are completely miscible. 

The compounds Xe and BF3 are immiscible although BF3 is 

slightly soluble in liquid Xe. Xe is completely insoluble in liquid 

BF3. 

The compounds NF3 and BF3 are immiscible although NF3 is 

slightly soluble in liquid BF3. The solubility of BF3 in liquid NF3 

was not investigated. 

The compounds NF3 and BC13 are immiscible with NF3 being 

very slightly soluble in liquid BC13. The solubility of BC13 in 

liquid NF3 was not investigated. 

BF3 is shown to displace B2F4 from the complex SF4. B2F4 

in 93% yield. 

BF3 is a stronger Lewis acid than either BC13 or B2F4 

toward the Lewis bases SOF2 and COC12 on the basis of compound 

formation. No conclusion can be drawn about the relative acid 

strengths of BC13 and B2F4 relative to these two bases. 

Based on acid displacement, BF3 is a stronger Lewis acid 

than B2F4 relative to the Lewis base SF4. 



Toward the Lewis base H2S, the order of increasing Lewis 

acidity appears to be B2F4 < BF3 < BC13, B2C14. This is a 

qualitative order based on the height of the maximum between 

eutectics in the phase diagrams. 

Some difficulty was encountered with the synthesis of B2F4. 

Possible reasons for these difficulties are discussed. 

The generally weaker acidity of B2F4 as compared to BF3 

is accounted for on the basis of electronegativity and steric con- 

siderations. 
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LOW TEMPERATURE THERMAL ANALYSIS OF SOME 
BORON HALIDE COMPLEXES WITH WEAK LEWIS BASES 

INTRODUCTION 

For many years, boron containing compounds, especially 

boron halides, have served as classical examples of Lewis acids. 

When a Lewis base is mixed with the boron compound, a molecular 

addition compound may form. These molecular addition corn- 

pounds (Lewis adducts) may be very stable or may exist only under 

carefully defined conditions, This research deals with interactions 

of boron halides and weak Lewis bases at low temperature investi- 

gated by means of thermal analysis. 

The ability of simple boron compounds to complex has been 

known since the first molecular addition compound between BF3 

and NH3 was prepared by Gay Lussac in 1809. The development of 

any theoretical understanding of the coordination process, however, 

was to follow more than a century later. 

In 1923, G. N. Lewis (48) first presented the fundamental 

concepts of his electronic theory of acids and bases in which an 

acid is defined as a molecule, radical, or ion capable of accepting 

a pair of electrons to form a coordinate bond, and a base is any 

molecule, radical, or ion capable of donating an electron pair to 

form a coordinate bond. This general theory was later discussed 
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and extended by both Lewis (47) and Luder (49). With this theory, 

many hitherto unrelated phenomena could be explained. 

Boron Halides 

The boron halides represent a group of typical Lewis acids. 

Interest in the relative electron acceptor properties (and thus acid 

strength) of these boron halides dates back to the original introduc- 

tion of the electronic theory by Lewis. Tr. aditionally, the Lewis 

acid strength is thought to increase in the order BBr3 < BC13 < 

BF3(51). This idea is probably due to the fact that far more com- 

plexes of BF3 than of other boron halides have been characterized. 

More recently it has become apparent that the order of relative 

acid strength is dependent upon the particular base that is used for 

coordination. Using pyridine and nitrobenzene as reference bases, 

Brown and Holmes (18) have shown that the acceptor properties of 

the boron halides increase in the order BF3 <BC13 < BBr3. This 

same apparent reverse order probably occurs for AsH3 also since 

Stieber (67) and Stock (68) report the formation of the adducts 

H3As BC13 and H3As BBr3, respectively, whereas Martin and 

Diel (54) report that H3As BF3 does not form even below -100° C. 

Similarly, 1blrnes (44) reported that the adduct C13P BBr3 exists, 

but the PC13 adducts to BF3 and BC13 do not exist. 

In discussing the relative acceptor properties of the boron 
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halides, it is necessary to consider the electron deficiency of the 

boron atom in its particular molecular environment. According to 

the concepts of modern valence theory, the bonding electrons of 

boron in BX3 occupy three sp2 hybrid orbitals at angles of 120o, 

leaving a vacant or perhaps partially vacant p 
z 

orbital perpendicu- 

lar to the plane containing the three óbonds. Thus, in terms of 

the octet rule the electronic environment of the boron atom is in- 

complete, and in the presence of suitable electron donor species, 

the boron atom will act as an electron pair acceptor. The electron 

density in the region of the normally vacant p 
z 

orbital is of special 

importance. 

The electron distribution in the cT bonds is mainly a function 

of the size and electronegativity of the halogen. Since electronega- 

tivity increases and size decreases in the order I, Br, Cl, F, the 

electron deficiency on the boron atom in BX3 should increase in 

the order [BI3] < BBr3 < BC13 < BF3. 

Pauling (61, p. 317 -320) has suggested that the normally 

vacant p 
z 

orbital of boron is at least partially filled by means of 

intramolecular back 'rr bonding utilizing non -bonding p electrons of 

the halogens. The marked shortening of the boron -fluorine bond in 

BF3 led Pauling to suggest the following resonance: 
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S+ 
X: :X: =X: 

S: 

//BS- 
-G-3- B s -E----- B \\ ¡ ./ II. + j II O / \ 1 

X X iX XS X XU + 

Due to the increasing amount of p -p overlap, the back it bonding 

would increase along the series BBr3, BC13, BF3. Since 

resonance like this is not possible in the molecular addition com- 

pounds, the acceptor power of the boron atom is reduced by suc- 

cessive but not necessarily equal amounts in this series (18). Thus, 

the order of increasing electron deficiency based merely on size 

and electronegativity differences is reversed with BBr3 being the 

strongest and BF3 the weakest of the boron trihalide Lewis acids. 

Steric factors arising from the aforementioned size differ- 

ences also must be considered when discussing the relative acid 

strengths of the boron halides. Since steric hindrance increases 

directly with the size of the substituents on the boron atom, this 

factor would favor the formation of the addition compounds of the 

fluorine derivative and would be less favorable for the bromine 

derivative. Thus, the predicted order of acid strength is the same 

as from electronegativity considerations. 

Recently, Cotton and Leto (23) have predicted that the order 
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of Lewis acid strength of the boron halides would probably increase 

in the sequence BF3 < BC13 < BBr3. Using simple MO theory to 

estimate the strength of qr bonding in the planar, monomeric boron 

halide, they calculated the reorganization energies required in 

transforming the BX3 molecule from its normal ground state con- 

figuration into a condition where it could, without further adjust- 

ments, accept a pair of electrons from a donor molecule. These 

reorganization energies were defined by Cotton and Leto as the sum 

of the energy necessary to destroy the 'X bonding plus the energy 

change (positive or negative) in the a- bonds when boron changes in 

hybridization from sp2 to spa. It was assumed that when these two 

processes had been completed, the BX3 molecule was in such a 

condition that formation of a 0- bond with the donor species was all 

that was required to complete the adduct. The calculated values of 

these reorganization energies were as follows: BF3, 48. 3 kcal/ 

mole; BC13, 30. 3 kcal /mole; BBr3, 26. 2 kcal /mole. These cal- 

culated values suggest that unless the reorganized BF3 molecule 

forms a á bond to the base with release of more than 18. 0 kcal/ 

mole more energy than is released by formation of the same bond 

between the base and BC13, it will be a weaker Lewis acid. 

To summarize, BF3 should be the strongest and BBr3 the 

weakest Lewis acid on the basis of electronegativity and steric con- 

siderations, whereas BBr3 should be the strongest and BF3 the 
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weakest on the basis of electron donation from the halogen to the 

boron atom by means of intramolecular back IT bonding and on the 

basis of required reorganization energies. As noted previously, 

examples throughout the literature indicate that the relative Lewis 

acid strength does indeed depend on the particular donor species. 

Several excellent reviews have been written on the coordina- 

tion compounds of the various boron halides (51, 52, 35, 70, 7, 24, 

p. 83 -166). The boron halides coordinate only with compounds 

containing elements of Group V, VI, and VII of the Periodic Table. 

(BI3 is even more limited in its acceptor properties since only 

compounds with NH3 have been reported and the existence of these 

has been questioned [51] ) Martin (52) lists many of the complexes 

that have been prepared with BC13 as the acceptor and discusses 

reasons for the existence of fewer coordination compounds with 

BC13 than with BF3. These factors include size, electronegativity, 

and steric considerations as previously discussed. In a more re- 

cent review, Greenwood and Martin (35) discuss some of the 

general factors affecting the stability of the BF3 coordination com- 

pounds (such as the nature of the ligand, the presence of polar sub - 

stituents in the donor molecule, steric effects, the state of aggre- 

gation, and the stoichiometric ratio of donor to acceptor molecules 

in the complex) and list many of the complexes that have been 

formed along with some of their physical properties. Coyle and 
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Stone (24, p. 83 -166) present an excellent survey of the coordina- 

tion chemistry of boron. Included are excellent discussions of the 

factors that influence the formation and stability of complexes as 

well as discussions of many of the particular physico -chemical 

techniques that have been applied in the field. 

Boron Subhalides 

The increasing availability in recent years of boron sub - 

halides (compounds in which the ratio of halogen to boronis less 

than three) has prompted a great deal of investigation of their 

chemistry. The diboron tetrahalides are of special interest. 

B2C14 is a colorless liquid that decomposes at temperatures 

above 0° C (75). The structure of solid B2C14, as determined by 

X -ray analysis, has been reported by Atoji, Wheatley and Lips- 

comb (1). Hedberg (50) has determined the structure of gaseous 

B2C14. The molecular dimensions are as follows: 

B -C1 B -B 4..C1-B-C1 Symmetry 

Atoji, 
et al. 

1. 728±0. 020 Á 1. 75±0. 05 Á 120. 5±1. 3° Vh 

Hedberg 1. 73±0. 02 X 1. 73 -1. 76 á 120° Vd 

A planar structure (I) is indicated for solid B2C14 while in the 

vapor state the two BC12 groups are at right angles to one another 

(II). 
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(I) (II) 

Mann and Fano (50) have calculated the energy barrier of rotation 

about the boron -boron bond to be 1. 7 ± 0. 6 kcal /mole. More re- 

cently, Hedberg and Ryan (40) have calculated the rotational 

barrier to be Vo 2. 5 kcal /mole. The B -Cl bonds in B2C14 differ 

only slightly in length from those in BC13 (1. 75 Á). The structural 

evidence suggests that the boron atoms in B2C14 form three co- 

planar o- bonds by using sp2 hybrid orbitals as in BC13. The 

similar B -Cl bond lengths in BC13 and B2C14 suggest that the 

tetrachloride may contain some it donation from the Cl to the B 

atoms similar to that which occurs in BC13. 

B2F4 is considerably more volatile and more stable than 

B2C14, showing only slight decomposition at room temperature. 

Trefonas and Lipscomb (71) have shown by X -ray diffraction studies 

that solid B2F4 is a planar, centrosymmetric molecule with a B -B 

distance of 1. 67 ± 0. 04 Á, B -F distance of 1. 32 ± 0. 04 Á, and 

F -B -F angle of 120o. The B -B bond in B2F4 is significantly 

shorter than that in B2 C14 (1. 75 ± 0. 05 h which is consistent with 

?' 
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a greater degree of delocalization of the electrons on the halogen 

over the whole molecule. Trefonas and Lipscomb (71) suggest that 

the shortened distance in B2F4 is due to the greater effect of the 

more electronegative fluorine substituents in pulling electrons 

from the region between the two borons, rather than due to any 

appreciable multiple boron- fluorine bonding. Preliminary obser- 

vations (39) indicate that B2F4 has a very low rotational energy 

barrier about the B -B bond. 

The B -B bond energy in B2C14 has been calculated to be 79 

kcal /mole (37) whereas the B -B bond energy in B2F4 is 72.4 kcal/ 

mole (36). In view of the fact that B2F4 is more stable to thermal 

decomposition than B2C14, this slightly lower energy is difficult to 

understand. This suggests that thermal decomposition of these 

compounds is somewhat more involved than the simple B -B bond 

deavage that has been suggested (14, p. 31). 

A recent review on the coordination chemistry of the sub- 

halides has been written by Holliday and Massey (42). The pre- 

sence of two boron atoms, each with a vacant orbital, in B2F4 and 

B2C14 suggests that one or both can act as electron pair acceptors. 

However, in general the stability toward decomposition of the 

adduct formed by a donor molecule D and the tetrahalide is greater 

for 2D B2X4 than for D B2X4. In the absence of excess D, the 

latter complex will often decompose by elimination of the adduct 
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D. BX3. As with BC13 (52), when the donor species has reactive 

hydrogen atoms, donation may be followed by elimination of the 

corresponding hydrogen halide (or as the hydro halide of the donor 

base). These general observations are substantiated by numerous 

reports in the literature. B2C14 adds either one or two moles of 

dimethyl ether, diethyl ether, dimethyl sulfide or phosphine (72). 

Similarly, B2F4 forms the complex 2(C2H5)2O B2F4 at -23° C. 

Upon pumping at 0° C, this complex gradually loses one mole of 

ether to form (C2H5)O B2F4 which further decomposes with 

elimination of C2H5F(27). The adduct (C2H5)2O B2C14 also loses 

C2H5C1; however, the dietherate of B2C14 is stable toward this 

reaction. A number of reactions of B2C14 with nitrogen compounds 

(41) and with organic molecules (21, 28, 29) have been reported. 

The presence of two adjacent, directly bonded B atoms in the 

diboron compounds should permit, at least in theory, 1:1 donation 

by bidentate donor molecules. Such a donation could take place in 

two possible ways, either to a single molecule (I) or by chain or 

ring formation (II, III) (bd represents bidentate donor). 

e/ `/ \/ \/ `/ v \/ N/ 
B B B B B B B B 

Lbd L_ Lbdi J Lbd--I 

(1) 
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' bd 

(III) 

Indeed, Holliday, Marsden and Massey (41) have reported that 

(CH3)2NCH2CH2N(CH3)2 does undergo 1:1 addition with B2C14, 

indicating donation by both nitrogen atoms. They further suggest 

that the adduct has the chain type of structure. 

Little information regarding the relative acid strengths of 

the boron subhalides has been reported in the literature. Any dis- 

cussion of acid strengths, however, would probably involve the 

same type of considerations that were presented for the boron 

halides; namely, size and electronegativity, steric factors, intra- 

molecular back 'T1' bonding and reorganization energies. As with the 

boron halides, the acid strength would probably also depend on the 

particular donor species. 

Recently, Hansen (38, p. 75) reported that the Lewis acid 

strength increases in the sequence HC1, B2F4 < BF3 < BC13. This 

order was established both on the basis of acid displacement 

reactions and on the ability of the acid to form complexes with 

several different donor species. He further reported that BF3 did 

not replace B2F4 from its complex with (CH3)2NCH2CH2N(CH3)2. 

Therefore, B2F4 is a stronger acid toward this particular base. 

Lbd 
B-B 
I Lb di 
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Urry, Garrett and Schlesinger (73) report the complex 

2PC13 B2C14. Since BBr3 also forms a stable complex with PC13 

(44) and no such complex is formed with BF3 or BC13, the apparent 

acid strength toward the base PC13 increases in the sequence 

BF3, BC13 < BBr3, B2C14. This suggests that the following over- 

all order of increasing acid strength might exist: 

HC1, B2F4 < BF3 < BC13 < BBr3, B2C14. 

Experimental Methods 

Although there are several modern methods currently being 

used to investigate formation of coordination compounds (such as 

infrared analysis and nuclear magnetic resonance), for the most 

part two older methods have been used to investigate the coordina- 

tion compounds of the boron halides. In one of these, the two com- 

ponents are mixed at low temperature by bubbling the Lewis acid 

into the Lewis base (20, 2, 4, 3). Compound formation is indi- 

cated by a gain in weight of the base or sometimes by separation of 

a solid from the reaction mixture. An indicator (often one of the 

reactants) (4) can be used to signal that the base is saturated and 

thus addition of excess acid is avoided. A qualitative estimate of 

complex stability can often be obtained by measuring the dissocia- 

tion pressures of the complex (20). A variation on this method 

consists of mixing the two components at low temperature, with the 
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more volatile component in excess, and then removing the excess 

of more volatile material at an appropriate temperature (15, 18), 

The second method involves the general technique of thermal 

analysis (8, 11, 32, 12, 55, 53, 79, 80). A general discussion of 

thermal analysis can be found in many physical or analytical 

chemistry textbooks (64, p. 190 -194; 57, p. 146 -149; 76, p. 345- 

372; 33, p. 745 -761) or in the recent literature (58). 

The specific subject of thermal analysis of liquefied gases 

has been discussed quite thoroughly in a review article by Booth 

and Martin (9). Such matters as generation and purification of 

gases, methods of determining freezing points, possible sources of 

error in determination of freezing points and variation of apparatus 

parameters are discussed in the article. 

Thermal analysis is based upon the determination of transi- 

tion points in cooling curves of various liquid, or liquefied gaseous, 

mixtures. These transition temperatures are plotted versus the 

concentrations, expressed in mole fractions, to give a temperature - 

concentration phase diagram varying in composition from one pure 

component A to the other B. A very simple phase diagram of two 

miscible compounds is shown in Figure 1. The points A and B are 

the freezing points of the pure components. The addition of B to 

A lowers the freezing point along AC, and similarly A added to B 

lowers the freezing point of B along curve BC when the two 
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Liquid 

Solid A 
+ Liquid 

Solid B + Liquid 

Solid A + Solid B 

Pure 
A Composition 

Figure 1. Simple phase diagram 

B 

Pure 
B 
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components are miscible in all proportions. 

When liquids rich in A (between A and C on the curve) are 

cooled, solid A separates whereas when liquids rich in B (between 

B and C on the curve) are cooled, solid B separates. The curves 

AC and BC thus represent the conditions of temperature under 

which liquid mixtures of various compositions are in equilibrium 

with solid A or solid B respectively. At point C where the two 

curves meet, called the eutectic point, both solids A and B are in 

equilibrium with the liquid. This eutectic point represents the 

lowest temperature at which the liquid phase can exist. 
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When the two components form a new compound by chemical 

reaction, a more complicated phase diagram is obtained. If the 

components A and B form a solid compound AB, the solid -liquid 

equilibrium diagram will be of the type shown in Figure 2. In 

Liquid 

Solid AB 
+ Liquid 

Solid A . olid B 

+ Liquid Liquid 
C 

Solid A + Solid AB E 
Solid B + Solid AB 

Pure 
A Composition 

B 

Pure 
B 

Figure 2. Phase diagram showing compound formation 

addition to the two branches AC and BE, which as before represent 

the liquid compositions in equilibrium with solid A and solid B, 

respectively, at different temperatures, there is a central portion 

CDE rising to a maximum. This portion of the curve represents 

liquid compositions in equilibrium with the solid compound AB. 

L 

( 

A 
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The composition of the solid compound corresponds to the position 

of the maximum in the phase diagram. (Thus, if it contains equi- 

molar amounts of A and B, the maximum is midway between pure 

A and B.) It should be noted that with three compounds present 

there are two eutectics, at C and E. At point C the solids A and 

AB separate, whereas at E the solids B and AB separate. The 

details of the phase diagram can best be understood by regarding 

it as two of the single phase diagrams (Figure 1) placed side by 

side. 

When two components form more than one compound, the 

phase diagram will have a curve analogous to CDE (Figure 2) for 

each compound formed. 

In summary, thermal analysis essentially involves construc- 

tion of phase diagrams and interpretation of the diagrams for com- 

pound formation. A single eutectic in the phase diagram is pro- 

duced by two pure compounds miscible in all proportions. Three 

compounds produce two eutectics, four compounds produce three 

eutectics, etc. , in the simplest possible cases. The height of the 

maximum between eutectics gives some qualitative indication of 

the relative stability of any compound which is formed (64, p. 123- 

126). A very flat maximum would tend to indicate ready dissocia- 

tion (therefore, low stability) of the compound into its components 

in the liquid phase, whereas a high maximum would indicate 
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formation of a compound which is more stable toward dissociation 

into its components. Wirth and co- workers (79, 80) use this 

criteria as a qualitative estimate of stability in discussing com- 

pound formation of ethers with diborane and boron trifluoride. 

Thermal analysis can be used to detect even weak compound forma- 

tion. 

It has been assumed in the previous discussion of phase 

equilibria that the components are completely miscible in the 

liquid and solid phases. Oftentimes, however, complications arise 

when liquids are only partially miscible through some composition 

range and when two or more solid phases can coexist. In the 

former case the melting point observed is for one of the liquid 

phases and this temperature is constant over the composition range 

where that phase's composition does not change. In the case of two 

or more solid phases, inflections in the cooling curves are ob- 

served at the phase boundaries due to enthalpy changes in convert- 

ing one phase to the other and due to differing heat capacities of 

the solids. The iron -carbon system (57, p. 153) is an example of 

a system with multiple solid phases. 

When complex formation has occurred, relative acid strength 

is usually determined by one of three methods: 

1, Displacement of a given Lewis acid from an adduct by 

a stronger Lewis acid: 
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D. BX3 + BX3 ---} D BX3 + BX3 

It should be noted that such a reaction is not necessarily a "dis- 

placement" reaction in the strictest sense of the term but may 

rather involve, especially at high temperature, preliminary disso- 

ciation of the weaker adduct followed by reaction of the free base 

with the stronger acid (26). 

2. Gas - phase dissociation studies in which an equili- 

brium constant for the dissociation of the complex is calculated. 

From the temperature dependence of the equilibrium constant, the 

enthalpy change (6.H) and the entropy change ( ®S) may be obtained. 

This technique has been refined by Brown and co- workers (17, 19) 

to yield highly accurate results. 

3. Calorimetric studies of reactions followed by calcula- 

tion of the enthalpy change (z H)involved. 

Coyle and Stone (24, p. 101 -119) list several more recent 

methods that are becoming increasingly popular for this type of 

investigation (including nuclear magnetic resonance, spectrophoto- 

metric methods, and vibrational spectroscopy) and discuss them 

briefly. 

Lewis Base Strengths 

Recently a great deal of research has been devoted to 

examining the apparent base strengths of certain ligands toward 
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typical Lewis acids (70, 81). The nature of the groups attached to 

the donor atom, just as the nature of the groups attached to the 

acceptor atom, can have a pronounced effect on the strength of the 

dative bond that forms. The effect will usually be in the direction 

expected from electronegativity considerations. Hence, attachment 

of electron- attracting groups will often reduce the ability of a 

ligand atom to donate a pair of electrons. 

Wiberg and Heubaum (77) reported formation of the compound 

H3P. BF3; however, the adducts F3P BF3 and C13P BF3 are not 

known (44). Similarly, Craig (25) lists the relative base strengths 

of the difluoroamines in the decreasing order C2H5NF2 > CH3NF2 

ry CD3NF2 > HNF2 > CINF2 > N2F4 CF3NF2 ti NF3 exactly as 

would be predicted based on inductive effects. 

As with the boron halides, a reverse order of base strength 

will sometimes occur. For example, the "normal" order, 

(CH3)3N > (CH3)3P, is observed toward BF3, whereas the reverse 

order is observed toward BC13 (81). Young, McAchram and Shore 

(81) believe that the order of base strength of (CH3)3N and (CH3)3P 

depends primarily upon the ability of the Lewis acid to form a bond 

between boron and the donor atom and not upon supplementary 1T 

type bonding involving d orbitals on the ligand atoms. In effect, 

the tendency to reverse the normal order of base strength increases 

as the Lewis acid becomes stronger due to the increased 
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polarizability of the larger phosphorus- containing base relative to 

the nitrogen base. Other examples of this reversal of base 

strength with increasing acid strength are discussed (81). 

Research Objectives 

BF3, on the basis of compound formation, has been shown to 

be a stronger Lewis acid than BC13 toward the Lewis bases SOF2 

(11, 34, p. 39 -45) and COC12 (55). Since an apparent reverse 

order of acid strength is indicated, that is BF3 > BC13, it would be 

interesting to see if B2F4 would continue the trend and be a stronger 

acid than BF3 toward these bases. Therefore, low temperature 

thermal analysis will be employed to investigate possible compound 

formation in these systems. 

NF3 has been found to be unreactive, its principle character- 

istic being that of a strong oxidizing agent. It is unaffected by water, 

dilute aqueous acids and alkali (46, p. 47 -50) and seems to have no 

basic properties whatsoever. (This apparent low basicity of NF3 

is understandable if one considers the electron withdrawing power 

of the three fluorine atoms.) No compound is formed between NF3 

and B2H6 (60) although Craig (25) recently reported slight inter- 

action between BF3 and NF3 as well as between BC13 and NF3. The 

interaction of NF3 with BC13 and BF3 will be investigated by 

thermal analysis for any possible low temperature weak complex 



21 

formation. 

The interest in possible compound formation between the 

noble gases and the boron halides dates back to 1935 when Booth 

and Willson (12) first reported a series of compounds formed be- 

tween Ar and BF3. Wiberg and Karbe (78) later disputed Booth and 

Willson's results and further indicated that no compound formation 

took place between BF3 and Xe or between BF3 and Kr, With the 

discovery and characterization of a molecular compound of Xe by 

Bartlett (5) in 1962, interest in noble gas chemistry has again 

fluorished. Recently, Selig (66) reported the coordination com- 

pound XeF6 BF3. The system Xe -BF3 will, therefore, be rein- 

vestigated by thermal analysis for possible compound formation, 

Thermal analysis has been used to show that compound for- 

mation takes place between H2S and the Lewis acids BF3 and BC13 

(32, 53). More recently, the compounds H2S- B2C14 and 

2H2S 
2 

B2C14 have been reported by Wartik and Apple (74). The 

system H2S -B2F4 will, therefore, be investigated by thermal 

analysis for possible compound formation. 



EXPERIMENTAL 

Apparatus and Technique 

Vacuum Technique 
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All of the reactions and purifications were carried out in a 

standard vacuum apparatus similar to that described by R. T. 

Sanderson in "Vacuum Manipulation of Volatile Compounds" (65), 

Fractional condensation was generally used for the separation of 

volatile mixtures, so the term "fractionation" as used throughout 

this work will refer to this technique. 

Fractional condensation depends upon the fact that different 

compounds will have negligible vapor pressures at different tem- 

peratures. A vapor pressure of O. 1 mm or less was considered to 

be negligible. Fractional condensation essentially involves separa- 

tion of substantially all of the more volatile compound in a very 

short time such that most of the less volatile compound isn't 

transferred. 

The apparatus used for this type of "fractionation" consists 

of a fractionation train as described in Sanderson (65, p. 90). The 

mixture of gases is passed through a series of U -tubes cooled to 

progressively lower temperatures. A compound will condense 

from the gas stream in the trap where its vapor pressure becomes 
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negligible. Providing the components of the mixture have suffi- 

ciently different vapor pressure curves, this method of purification 

is generally satisfactory. 

Identification and determination of the purity of materials was 

generally done by vapor tension and freezing point measurements 

although infrared spectra were used when high purity was critical 

and when other methods were not sufficiently selective. Listed in 

Table I are the vapor pressure equations of some common reagents 

as well as their melting points and condensation temperatures. 

References throughout this thesis to calculated vapor pressures will 

refer to the appropriate equation in this table unless otherwise 

noted. 

Table II lists some common cold baths that were used for 

the various fractionations throughout this work. A substance was 

considered noncondensible if it exhibited an appreciable vapor 

pressure at -196° C. 

Special Apparatus 

In addition to the standard vacuum line used for separation 

and purification of the gases, a special portable apparatus was con- 

structed to house the freezing point cell used throughout these 

experiments (Figure 3). This portable apparatus could be attached 

to the main vacuum line and consisted of two calibrated storage 



TABLE I. VAPOR PRESSURE EQUATIONS OF COMMON REAGENTS. 

Substance 
Condensation 

Vapor Pressure Equation :log1ÖPmm Temperature* 
Freezing 

Point Ref. 

BF3 

NF3 

BC13 

( solid) 
(liquid) 

-1176. 6/T + 1. 75 logT - O. 0032084T + 6. 6293 
-1174.4/T + 1. 75 log T - 0. 013350T + 8. 0536 

6. 77966 - 501. 913/(T-15. 37) (89 to 144° A) 

6. 18811 - 756. 89/(T-59) 

-196 

-196 

-112 

-127. 5 

-206. 7 

-107.3 

63 

46 

70 

B2F4 (solid) 10. 82 - 1856/T -119 - 56. 0 27 

(liquid) 9. 009 - 1466/ T 

H 2S (solid) 72. 2418 - 11744/T - 0. 031632T - 9. 1716 x 10-5T2 -160 - 85. 5 13 

(142 to 187. 5° A) 

(liquid) 67. 3219 - 10311/T - 3043 x 10-4(T-195)2 
(187. 5 to 217. 5° A) 

SF4 8. 8126 - 1381/T -127 -121 16 

SOF2 30. 333 - 1908, 4/T - 8. 1053 logT -140 -129. 5 10 

Xe 7. 2488 - 720. 7/T -196 -111. 6 30 

COC12 -112 -132.5 56 

*Temperature where vapor pressure becomes negligible, 
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TABLE II. COMMON COLD BATHS. 

Bath 
Temperatur e 

o C 

Water -ice mixture 0 

Carbon tetrachloride slush - 23 

Bromobenzene slush - 30. 7 

Chlorobenzene slush - 45. 2 

Chloroform slush - 63. 5 

Carbon dioxide -acetone slush - 80 ± 5 

Ethyl acetate slush - 83. 6 

Toluene slush - 95 

Carbon disulfide slush -111. 8 

Ethyl bromide slush -119 

Methylcyclohexane slush -126.4 

Ethanol /Ether 60/40 slush -140 

Pet ether slush -145 f 5 

Isopentane slush -160 

Liquid oxygen -183 

Liquid nitrogen -196 
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Figure 3. Portable vacuum apparatus 

J 

K 
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TABLE III. INTERPRETATION OF SYMBOLS USED IN FIGURES 

3 AND 4. 

A Mercury manometer 

B Two -liter storage bulb (calibrated) 

C Adapter joint for connection to main vacuum line 

D Mercury manometer 

E Solenoid 

F Iron bar sealed in top of stirrer 

G 300 ml expansion bulb (calibrated) 

H Thermocouple well 

I Freezing point cell 

J Partially exhausted Dewar for control of cooling rate 

K Liquid nitrogen bath 

L Stirrer 
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bulbs, two manometers and a freezing point cell. 

Bulb B was used both for sample storage and for sample 

measurement in connection with manometer A. Bulb G was used 

primarily as an expansion bulb although it could be used for sample 

measurement also. Manometer D was used for vapor pressure 

measurements during certain cooling runs. 

The freezing point cell (Figure 4) itself was similar in con- 

struction to that used by Booth and Martin (8). The cell was con- 

structed of 17 mm O. D. pyrex glass tubing fitted at the upper end 

with a standard taper joint so that the cell could be dismantled for 

easy cleaning. The thermocouple well within the cell was con- 

structed of 5 mm O. D, pyrex glass and extended within 2 mm of 

the bottom of the freezing point cell. Stirring was accomplished by 

means of a glass helix with an iron bar sealed into its upper end. 

The stirrer was caused to rise and fall through a distance of about 

3/4 inch by means of a solenoid which was turned on and off by a 

circuit breaker device. The rate of stirring was found to have an 

appreciable effect on the amount of supercooling observed. A 

stirring rate of at least 180 strokes per minute was necessary to 

minimize supercooling. 

The rate of cooling was also found to have some effect on the 

amount of supercooling observed. By using a partially exhausted 

Dewar flask between the freezing point cell and the liquid nitrogen 
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Figure 4. Freezing point cell 

J 

29 

/ 



30 

bath, the rate of cooling was controlled at about three to four de- 

grees per minute for most of the cooling curves, This is about the 

same cooling rate that was used by Booth and Martin (8). By ad- 

justing the evacuation of the Dewar flask and the depth of the liquid 

nitrogen around the flask, the cooling rate could be slowed to about 

one degree per minute if necessary. 

The temperature was measured with a copper -constantan, 24 

gauge, glass insulated thermocouple (West Instrument Co. , Catalog 

No. 53 -0008) which was placed inside the thermocouple well. A 

Varian Associates Model G -14 recording potentiometer was used to 

record the thermocouple EMF. To use the recording potentiometer 

with a full scale reading of one millivolt, a Leeds and Northrup 

potentiometer (Model 8667) was used to supply a bucking potential 

to the positive pole of the recorder. Thus, by careful selection of 

the bucking potential, the EMF potential from the thermocouple was 

adjusted to between zero and one millivolt. This made it possible 

to obtain much more accurate thermocouple readings, yielding 

freezing -point determinations accurate to f 0. 50 degrees. 

Booth and Martin (8) determined freezing points by two 

methods: 

1, By noting the inflection in the cooling curve, and 

Z. By noting the reflection of light from the crystals 

within the freezing point cell. 
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The first method was used throughout this work with no attempt 

made to determine a freezing point by the latter method. 

Booth and Martin reported that a sample depth of at least 

four cm above the uppermost thermocouple junction was necessary 

to obtain reliable data. However, reproducible results were ob- 

tained in this work as long as the uppermost thermocouple junction 

was covered by the liquid, and samples as small as ten mmoles 

gave reproducible freezing points. A simple modification to Booth 

and Martin's technique may have made it possible to use these 

smaller samples. This modification consisted of placing isopen- 

tane (freezing point -1600 C) into the thermocouple well to give 

better thermal conduction and to reduce the time lag in the tem- 

perature readings. 

Preparation of Materials 

Boron Trifluoride 

The BF3 used in these experiments was obtained from The 

Matheson Company and further purified to remove traces of HC1. 

John D. Hansen (38, p. 41 -42) reported that BF3 forms a complex 

with p- chlorobenzonitrile which is very stable at low temperature, 

whereas HC1 forms no such complex. Therefore, some BF3 was 

brought into contact with an excess of freshly sublimed 
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p- chlorobenzonitrile (Eastman Kodak Co.) and allowed to react 30 

minutes at room temperature. The mixture was cooled to -80° C 

and the unreacted HC1 pumped off for an additional 30 minutes, The 

complex was decomposed by warming it to 80° C in a water bath. 

BF3 was trapped at -196° C while the p- chlorobenzonitrile stopped 

at -80° C. The BF3 was then fractionated through -150° C, -160° C 

and -196° C traps. The fraction condensing at -160° C was 

essentially pure BF3, an infrared spectrum showing no HC1 to be 

present. The vapor pressures were 75 mm and 160 mm at 

-126.4° C and -119° C respectively, and its freezing point was 

-127. 5° C. (Calculated for BF3: 69. 8 mm and 166. 0 mm at 

-127. 3° C and -118. 7° C respectively. Accepted freezing point: 

-127, 5° C.) 

Diboron Tetrafluoride 

B2F4 
2 4 

was prepared by the method of Brotherton, McCloskey 

and Manasevit (15): 
o 

B2 trN(CH3)2.14 + 4H20 + 4HC1 0 0 Ç B2(OH)4 + 4(CH3)2NH2Q 

x B2(OH)4 25= 2(BO)x + 2x H2O 

-80° 
C -8-- ---- 2(BO)x + 2x SF4 x B2F4 + 2x SOF2 

A solution of 60 ml of 5. 94 N HC1 was added slowly over a 



33 

period of 90 minutes to a mixture of 16.43 g (83 mmoles) of 

B2 [N(cH3)21 (U. S. Borax Research Corp..) and 20. 0 ml of 

distilled water at 0° C with stirring. The B2(OH)4, a white solid, 

was filtered off and washed several times with small amounts of 

0. 06 N HC1 and placed in a vacuum dessicator (over Drierite and 

NaOH pellets) for 24 hours. 

One gram of the dry, fluffy B2(OH)4 was placed in a reaction 

tube and sealed on the vacuum line through a mercury float valve 

which was also connected to a mercury manometer. (To prevent 

the powder from spreading throughout the vacuum line during 

pyrolysis, a glass wool plug was placed between the powder and 

vacuum line.) The B2(OH)4 powder was heated to 250° C (using a 

50% NaNO2, KNO3 salt bath 31 II) and held at this temperature for 

five hours. Small amounts of noncondensible material were 

generated during the dehydration. 

Due to difficulty encountered during the fluorination step, the 

procedure for reacting SF4 with (BO)x polymer was changed 

slightly from that used by Brotherton et al. (15). Du Pont technical 

grade SF4 was fractionated through baths at -1190 C, -127° C, and 

-196° C. The fraction condensing at -127° C was used. Approxi- 

mately 30 mmoles of pure SF4 were added in eight portions 

( ry four mmoles each) to the reaction vessel at -80° C, allowing 15 

minutes reaction time between additions. (The vapor pressure 

4 
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was closely observed during this short reaction time.) After all 

of the SF4 was added, the reaction vessel was allowed to stand at 

-80° C for 24 hours. The final pressure over the mixture was 99 

mm at -80° C. 

The volatile material was removed from the reaction vessel 

and slowly fractionated through baths at -80° C, -95° C, -119° C, 

and -196° C. The -119° C fraction contained B2F4; the -196° C 

fraction was mainly SOF2. The fractions condensing at -119° C 

and -196° C were left open to one another at these temperatures 

until the material at -119° C was shown to be free of SOF2 on the 

basis of the absence of the characteristic SOF2 peaks in the infra- 

red spectrum. Seven and seven -tenths mmoles of B2F4 were pro- 

duced, a yield of 69% based on the amount of (BO) x powder used. 

The B2F4 that was produced was stored for long periods of 

time at room temperature with only slight decomposition (less than 

five percent). Kel -F 90 grease (3M Company, St. Paul, Minn.) 

was used on all stopcocks that B2F4 contacted. 

Some difficulty was encountered throughout this thesis work 

with the synthesis of B2F4. At times the (BO)x powder was com- 

pletely unreactive toward fluorination using SF4; at other times the 

(BO)x powder was so reactive that a very rapid rise in pressure 

occurred, even at -80° C, causing the system to explode. 

The inertness of the (BO)x powder seemed to be mainly a 
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problem of sample aging. The best results were obtained when a 

fresh batch of B2(OH)4 powder was dehydrated and immediately 

fluorinated. Week -old B2(OH)4 often yielded only small amounts 

(less than ten percent of theoretical) of B2F4 upon fluorination 

following its dehydration. Sometimes, but not always, partial 

samples of B2(OH)4 could be dehydrated and successfully 

fluorinated (yield: 60 to 70 percent of theoretical) but the remainder 

of the sample (which was about a week old) upon dehydration would 

yield only small amounts of B2F4 when fluorinated. In either case, 

good yields (80 percent of theoretical) of the byproduct SOF2 were 

obtained. 

Aging appears to be a problem with the starting material, 

B2 [N(CH3)214, as well as with the actual B2(OH)4 powder. Al- 

though the age of the samples of B2 [N(cH3)2]4 (obtained from 

U. S. Borax Research Corp.) was unknown, only certain samples 

could be converted to B2F4 in good yield following their preliminary 

conversion to (BO) 
x. 

Other samples, although kept in sealed, 

unopened bottles, were found to yield practically no B2F4 following 

their preliminary conversion to (BO)x. All batches of (BO) pre 

pared from such a sample gave only trace amounts of B2F4 upon 

fluorination. 

Sample aging was no problem once the good B2(OH)4 powder 

had been dehydrated to (BO) . x The (BO) x powder could either be 

x 
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completely fluorinated or fluorinated in steps, depending on ones 

particular needs, producing about the same overall yield (60 to 70 

percent of theoretical) of B2F4. 

Varying amounts of a solid complex, stable at low tempera- 

ture, formed during some of the reactions. An infrared spectrum 

of the solid revealed the presence of B2F4, BF3, SF4 and SOF2 in 

varying amounts. The solid would sublime when heated but would 

reform in any cold trap. When the solid was added to a reaction 

tube containing unreacted (BO) x and allowed to react at -800 C for 

24 hours, some decomposition took place with generation of B2F4. 

In several cases the overall yield of B2F4 was increased in this 

manner. Later, experimentation revealed that the B2F4 in the 

complex could probably by replaced almost quantitatively by adding 

an excess of BF3 (see experimental section). 

The explosive nature of the good (BO) x powder appeared to be 

dependent upon two factors: 

1. The amount of SF4 that was added to the powder, and 

2. The rate of addition of SF4. 

Previously unreacted (BO) x powder was found to be very reactive 

upon addition of even a small amount of SF4. Addition of five or 

more mmoles of SF4 to such a sample was usually accompanied by 

a very rapid rise in pressure leading to an explosion. In most 

cases, there was an initial induction period of from five to twelve 
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minutes before the rise in pressure occurred. 

To combat these factors, SF4 was added only in small incre- 

ments, the first of which was about two mmoles. Each successive 

addition of SF4 was increased slightly to a maximum of about five 

mmoles. Between successive additions of SF4, the mixture was 

allowed to react at -800 C for 15 minutes. During this time the 

vapor pressure above the mixture was closely observed. If a 

sharp rise in pressure occurred, the reaction mixture was 

immediately quenched with liquid N2 and the 15 minute cycle begun 

again. Using this procedure for addition of SF4, relatively large 

amounts of (BO)x (up to 1. 5 grams) could be fluorinated in one step 

while at the same time avoiding an explosion. 

An attempt was made to evaluate the relative amount of boron - 

boron bond in the B2(OH)4 powder by titration against standardized 

KMnO4 according to the following equation: 

5B2(OH)4 + 2MnO4° + 6H+ + 2H 
2 

-> + 2Mn2+ 

An excess of 0.10 N KMnO4 was added to a weighed sample (N0. 1 

gram) of B2(OH)4 and the two allowed to react until all of the 

B2(OH)4was dissolved. A weighed amount of dried Na2C2O4 was 

then added and the mixture warmed to 700 C. About 30 ml of 6 N 

1-12SO4 was added and the excess Na2C2O4 titrated with additional 

standardized KMnO4. The weight of B2(OH)4, and thus percent 

boron -boron bond, in the original sample could then be calculated. 

x 
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Reproducible results (within two percent) could be obtained using 

this method. Holliday and Massey (42) describe three different 

methods for evaluating the amount of boron -boron bond in B2(OH)4. 

All of the unreactive samples used had between 45 and 85 

percent boron -boron bond content (i. e. 55, 64, 72, 48, 45, 49, 69, 

85, 82 and 74 percent boron -boron bond). However, little correla- 

tion was noted between the percent boron -boron bond and the yield 

of B2F4 following dehydration and fluorination of the B2(OH)4. In 

all of the samples listed above, yields of less than ten percent of 

the theoretical amount of B2F4 were obtained. Therefore, the 

relative inertness of some of the samples didn't appear to be de- 

pendent on the amount of boron -boron bond that was present. 

The reactive samples of B2(OH)4, as well as the last samples 

of unreactive B2(OH)4, all had 74 to 90 percent boron -boron bond 

content. The higher boron -boron bond content was achieved by use 

of the following extraction procedure. B2(OH)4 was filtered from 

the reaction mixture following the acid hydrolysis of B2[N(CH3)2] 4 

and the resulting filtrate cooled until formation of slush 

The cold filtrate was then filtered through a sintered glass filter, a 

white solid that would not reduce KMnO4 (presumably H3BO3) being 

collected on the filter. The filtrate (now devoid of H3BO3) was 

warmed to room temperature and then used to wash the original 

occurred. 
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B2(OH)4 during which H B03 
3 

was again extracted into the filtrate. 

The above procedure was then repeated. The process seemed to be 

quite selective for extraction of H3BO3 only, since the white solid 

always failed to reduce KMnO4. The boron -boron bond content in 

most samples was raised between 15 and 25 percent by using the 

extraction procedure three times. The work of Mr. William Lloyd 

Allen in establishing details of this procedure is gratefully acknow- 

ledged. 

Since the actual amount of boron -boron bond in B2(OH)4 

seemed to have little effect on the yield of B2F4, two other para- 

meters were varied in an attempt to obtain higher yields of B2F4. 

In the pyrolysis step, both the temperature and length of pyrolysis 

were varied, the temperature from 220o C to 250o C and the length 

of pyrolysis from five to 24 hours. Neither change had any effect 

on the yield of B2F4. 

The length of reaction time was also varied from a minimum 

time of 20 hours to a maximum of 48 hours. Again, no change was 

noted in the yield of B2F4. 

In summary, the yield of B2F4 seems to be quite dependent 

on the age of both B2 [N(CH3) 2] 4 and B2(OH)4 with fresh samples 

of both producing good yields of B2F4 upon conversion to (BO) x and 

subsequent fluorination. There was little dependence upon the 

actual boron -boron bond content although high boron -boron bond 
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content would certainly be desirable. Finally, length and tempera- 

ture of pyrolysis, as well as the length of reaction time, had no 

noticeable effect on the yields of B2F4 that were obtained. 

Boron Trichloride 

BC13(Matheson Company technical grade) was purified by 

fractionation through -95° C, -112° C, and -196° C traps. The 

fraction condensing at -112° C was essentially pure BC13. Its vapor 

pressures were 48 and 478 mm at -45. 6° C and 0. 0° C respectively 

and its freezing point -107. 3° C. (Calculated for BC13: 49 mm and 

477 mm at -45. 6° C and 0. 0° C respectively. Accepted freezing 

point: -107. 3° C.) 

Sulfur Tetrafluoride 

Technical grade SF4 was obtained from E. I. du Pont de 

Nemours and Co. , Inc. , and further purified by fractionation 

through -80° C, -119° C, -127° C, and -196° C. The fraction 
o 

condensing at -127 C was essentially pure SF4. Its vapor pres- 

sures were 50 mm and 160 mm at -80. 0° C and -63. 5° C respec- 

tively. (Calculated for SF4: 50 mm and 161 mm respectively at 

-80. 0° C and -63. 5° C.) 
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Thionyl Fluoride 

SOF2 used in these experiments was obtained as a byproduct 

from the synthesis of B2F4. The SOF2 was further purified by 

fractionation through baths at -127° C, -134° C, and -196° C. The 

fraction condensing at -134° C was pure SOF2. Vapor pressures 

of SOF2 at -80, lo C and -63. 5° C were 84 mm and 259 mm respec- 

tively and its freezing point was -129. 5° C. (Calculated for SOF2: 

83 and 259 mm at -80. 1° C and -63. 5° C respectively. Accepted 

freezing point: -129. 5° C ) 

Nitrogen Trifluoride 

A sample of NF3 was obtained from Frank N. Dost of the 

Oregon State University Radiation Center. This sample was 

purified by fractionation through -145° C, -160° C, and -196° C. 

The fraction condensing at -196° C was essentially pure NF3. Its 

vapor pressure at -160° C was 43 mm. (Calculated for NF3: 45 

mm at -160° C.) 

Xenon 

A one liter sample of Xe gas was obtained from the Linde Gas 

Division of Union Carbide Corporation and used directly without 

further purification. Its vapor pressure at -126.4° C was 188 mm 

and its freezing point was -111. 6° C. (Calculated for Xe: 186 mm 
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at -126.4° C, Accepted freezing point: -111, 6° 0 C.) 

Hydrogen Sulfide 

H2S was obtained from The Matheson Company and further 

purified by fractionation through -127° C, -150° C, and -196° C. 

The fraction condensing at -150° C was essentially pure H2S. Its 

vapor pressure was 231 mm at -81. 00 C. Its freezing point was 

-85. 5° C. (Calculated for H2S: 231 mm at -81. 0° C. Accepted 

freezing point: -85. 5° C.) 

Phosgene 

A sample of technical grade COC12 was obtained from The 

Matheson Company and purified by means of fractionation through 

-95° C, -112° C, and -196° C, with pure COC12 condensing at 

-112° C. The freezing point of the pure COC12 was -132. 2° C. 

(Accepted freezing point: -132. 5 ± 0. 3° C.) 

The purification of COC12 following its reaction with B2F4 

was somewhat involved since the vapor pressures of B2F4 and 

COC12 are very similar. The mixture was treated with an excess 

of SF4 at -80° C which served to complex the B2F4. The mixture 

of COC12 and complexed B2F4 was then fractionated from -80° C 

to -95° C and -196° C. The fraction condensing at -196° C con- 

tained nearly pure COC12 which was then further purified by 
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fractional condensation (as described above) to separate any SF4. 

Procedure 

To start a particular phase diagram determination, pure 

gases were transferred from the vacuum line to the portable 

apparatus. One component, gas A for example, was stored in the 

gaseous state in calibrated bulb B (Figure 3) while the other com- 

ponent, gas B, was accurately measured and stored in the freezing 

point cell as a solid. The freezing point of the pure sample of gas 

B was accurately measured. A small amount of gas A, measured 

volumetrically, was transferred into the freezing point cell by 

proper manipulation of the adjoining stopcocks and the mixture of 

gases allowed to warm until about 600 mm pressure developed 

(measured using manometer D). The mixture was then condensed 

to the solid state. To insure proper mixing of the gases, the 

warming and cooling steps were repeated several times with 

stirring. The solid was then melted and the freezing point of the 

new mixture determined. Another increment of gas A, again mea- 

sured volumetrically, was introduced into the freezing point cell 

and the above process repeated. Thus, by introducing small incre- 

ments of sample from the storage bulb into the freezing point cell 

(each measured volumetrically) and determing cooling curves for 

each composition, the phase diagram of each system was 
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constructed. 

It was possible to determine only half of the phase diagram in 

the above manner. To complete the phase diagram, component B 

was placed in the storage bulb and component A in the freezing 

point cell and new cooling curves determined for the various compo- 

sitions. 

The above procedure was modified slightly when one of the 

two components was much more volatile than the other. Under 

these conditions, the manometer D was opened and the vapor pres- 

sure of the mixture noted at the freezing point. From knowledge 

of the vapor pressure of each component and the volume of the cell, 

the amount of component in the vapor state could be calculated and, 

thus, the mole fraction in the liquid phase at that particular compo- 

sition corrected. If necessary, bulb G could also be opened to the 

freezing point cell allowing a still larger volume for expansion. 

The above modification was especially necessary with the systems 

involving NF3 and Xe. 

Interpretation of the cooling curve was quite straightforward 

as long as no supercooling was involved. A simple conversion of 

the thermocouple EMF gave the corresponding temperature of the 

freezing point. 

In cases where supercooling was involved, interpretation of 

the cooling curve was more difficult. Figure 5 shows a cooling 
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curve in which supercooling has 

occurred. Instead of an inflec- 

tion occurring at b, the cooling 

continued along line ab to point 

c and then rose suddenly to point 

d before again continuing the 

coolin g trend along line de. 

According to Glasstone (33, p. 

749), the correct freezing point 

may be obtained by extrapola- 

tion back along curve de to point 

b. The maximum at point d cannot be taken as the correct freezing 

point since the composition of the liquid phase continually changes 

as the solid deposits. By the time freezing occurs, the composi- 

tion of the liquid has changed from what it was at point b. This 

produces a curved line between d and e rather than a straight line. 

This method was used where only small amounts (not more than 

two to three degrees C) of supercooling occurred. In the very few 

cases where more supercooling than this occurred, point d was 

taken to be the freezing point. 

Figures 6 through 8 display a representative number of 

cooling curves for the system B2F4 -H2S. Each curve is labeled 

with a number and letter which corresponds to a particular 

45 
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Figure 5. Typical cooling curve 
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composition as listed in Table IV. These curves illustrate the type 

of cooling curves obtained for the various systems and their 

interpretation. 

Thermocouple Calibration 

The copper- constantan thermocouple was calibrated under 

actual operating conditions by determining the freezing points of 

reagent grade liquids and comparing these to their known freezing 

points. The thermocouple was calibrated inside the thermocouple 

well using the same Varian recording potentiometer and Leeds & 

Northrup potentiometer used during the experiments. A compari- 

son of the thermocouple EMF recorded at the freezing point to the 

theoretical EMF for this type of thermocouple (65, p. 121 -122) 

gave values that were slightly lower than the theoretical EMF (con- 

versely, higher temperatures) up to a maximum of 0. 025 mvolts. 

Therefore, the following corrections were made: 

- 10° C to - 50° C 

- 50° C to - 60° C 

- 60° C to - 80° C 

- 80° C to -110° C 

-110° C to -150° C 

add 0. 010 mvolts 

add 0. 013 mvolts 

add 0. 017 mvolts 

add 0. 021 mvolts 

add 0. 025 mvolts 

The maximum difference of 0. 025 mvolts corresponds to a tem- 

perature difference of about 1° C. Figure 9 shows both the 
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calibration and theoretical curves. 
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RESULTS AND DISCUSSION 

The System, Hydrogen Sulfide -Diboron Tetrafluoride 

The system, H2S -B2F4 was investigated to compare the rela- 

tive Lewis acidity of B2F4, BF3, BC13 and B2C14 toward the Lewis 

base H2S. In 1926 Booth and Germann (32) reported the formation 

of a 1 :1 complex between H2S and BF3. The melting point of their 

compound, H2S BF3, was -137° C with eutectic points of -147. 5 

and -138° C at 22. 7 and 54 mole percent BF3, respectively. They 

also reported a transition point in the phase diagram at -99° C 

corresponding to the compound BF3. 7H2S. 

Martin (53) reported formation of the compound H2S BC13. 

The melting point of his compound was -35. 3 i 0.4° C with eutectic 

points of -93. 9 ± 0.4° C and -108. 8 0.4° C at 2. 0 ± O. 2 and 

99. 9 ± 0. 2 mole percent BC13, respectively. Martin found no 

evidence for the compound 12H2S BC13 which earlier had been re- 

ported by Ralston and Wilkinson (63). 

Wartik and Apple (74) report that below -78. 5° C, H2S and 

B C14 
2 

react to form either a 1:1 or a 2:1 complex. At tempera- 

tures above -78. 5° C, cleavage of the B -B bond occurs accom- 

panied by the release of hydrogen. 

In this study both a 2 :1 and a 1:1 complex were formed be- 

tween H2S and B2F4. The compound B2F4. 2H2S had a melting 

f 
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point of -100. 3 ± 0. 3° C while the compound B2F4. H2S had a 

melting point of -94. 9 0. 3° C. The three eutectic melting points 

were -107.4 ± 0. 3° C, -100.4 ± O. 3° C, and -94.9 ± 0. 3° C 

corresponding to compositions of 16. 2, 35. 2 and 50. 5 mole percent 

B2F4 respectively. The data for this system are listed in Table 

IV. The corresponding phase diagram is shown in Figure 10. 

In general, the freezing points for the various compositions 

were very reproducible as can be seen from the very minor devia- 

tions at the eutectic points. This is due in part to the fact that 

practically no supercooling was encountered throughout the system. 

The freezing point of the pure H2S, -85. 5 0. 3° C, corresponds 

exactly to that of the literature value (13, p. 37) while the freezing 

point of the pure B2F4, -57. 3 t 0. 3° C, is a little lower than the 

literature value of -56. 0° C (27). The difference in the freezing 

point of pure B2F4 may be due to the presence of a trace amount of 

BF3, formed from the decomposition of B2F4 into BF3 and a solid 

polymer (BF)n (43), although the B2F4 was used as soon as 

possible after it had been purified. Slight decomposition of the 

B2F4 does occur during the course of a run as evidenced by the for- 

mation of a small, white, solid film on the side of the freezing 

point cell, but the amount of decomposition appeared to be quite 

small (ry 1%). 

As with the compound H2S- BF3, the compounds B2F4- H2S 

f 

f 
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TABLE IV. DATA FOR THE SYSTEM, H2S -B2F4 

Run No. 
Molé Fraction 

of B2F4 
Freezing Point 

-o 
Eutectic Tern- 
perature -o C 

±0.002 }0.3 t0.3 

1(a)* 0. 000 85. 5 

2(a) 0. 046 90. 9 

3(a) 0. 106 98. 7 107. 5 

4(a) 0. 158 106.3 107.4 
5(a) 0. 208 104,7 107. 5 

6(a) 0. 258 101. 7 

7(a) 0. 304 100. 5 

8(a) 0. 338 100. 3 

9(a) 0.403 97.6 6 100. 4 

10(a) 0.456 96. 1 

11(a) 0. 506 94. 1 

1(b) 1, 000 57, 3 

2(b) 0, 948 59, 2 

3(b) 0. 885 61, 6 

4(b) 0. 802 65. 8 

5(b) 0. 750 68. 9 

6(b) 0. 692 72. 8 

7(b) 0. 648 76. 2 

8(b) 0. 599 80. 9 

9(b) 0. 546 86, 0 94. 8 

10(b) 0. 523 90, 1 94. 9 

11(b) 0. 502 92. 9 94. 9 

12(b) 0.480 95. 3 

13(b) 0.453 95. 8 

14(b) 0. 372 99.3 100.4 
15(b) 0. 350 100. 3 

*(a) and (b) refer to different samples. 

C 
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and B2F4. 2H2S show ready dissociation as evidenced by the very 

low maximum between the eutectic points. With the latter two com- 

pounds, the freezing point at the maximum between eutectics was 

very close to the eutectic temperature. It should be pointed out, 

however, that very definite eutectic temperatures were found for 

several compositions in the vicinity of the eutectic point, and thus 

compound formation clearly did occur. 

On the basis of the height of the maximum between eutectics 

(64, p. 123 -126), the order of increasing complex stability is 

B2F4 < BF3 < BC13. Where B C14 
2 

fits in this sequence is not 

known although it appears that the H2S complex with B2C14 is about 

as stable as the H2S complex with BC13. Therefore, the order of 

increasing Lewis acid strength toward the Lewis base H2S would 

be B2F4 < BF3 <BC13, 3, 
B C14. 

2 

The System, Thionyl Fluoride -Diboron Tetrafluoride 

Since SOF2 was known to form a stable 1:1 complex with BF3 

(11, 34, p. 39 -42) and since BC13 does not form such a complex 

(34, p. 42 -45), it was of interest to know whether B2F4 would 

complex with SOF2. 

For the B2F4 -SOF2 system, only a single eutectic was found 

at about 24 mole percent B2F4 and a temperature of 

-141. 7 t O. 5° C. The two components were miscible in all 
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proportions. Due to the steep slope of the liquid -solid phase 

boundary, exact freezing points were difficult to determine near the 

eutectic point. The eutectic temperature, however, was quite re- 

producible. The data for this system are listed in Table V. The 

corresponding phase diagram is shown in Figure 11. 

Again the freezing point of the pure B2F4 was lower than the 

corresponding value in the literature, probably due to formation of 

BF3. The freezing point of SOF2, -129. 6 ± 0. 5o C, agrees with 

the literature value (10). 

The results indicate that BF3 is a stronger Lewis acid than 

B2F4 toward the Lewis base SOF2. No conclusion can be drawn 

for the relative Lewis acid strengths of BC13 and B2F4 toward 

SOF2 since neither forms a complex with it. 

The System, Phosgene -Diboron Tetrafluoride 

Martin and Faust (55) have previously reported that COC12 

forms both a 1:1 and a 2:1 complex with BF3 whereas no complex 

is formed between COC12 and BC13. The system B2F4 -COC12 was, 

therefore, investigated to compare the relative Lewis acidity of 

BF3, BC13 and B2F4 toward the Lewis base COC12. 

A single eutectic point was found for the B2F4 -COC12 system 

at approximately four mole percent B2F4 and at a temperature of 

-132. 5 ± 0. 5° C. A change in slope occurred in the liquid -solid 



58 

TABLE V. DATA FOR THE SYSTEM, SOF2 -B2F4 

Mole Fraction 
of B F4 

2 

Freezing Point 
ao C 

Eutectic Temperature 
-o 

±0. 002 ±0. 5 ±0.5 

1. 000(a)* 59. 2 

O. 952(a) 61. 0 

0. 901(a) 63. 4 

0. 857(a) 65, 7 

0. 814(a) 67. 7 

0. 765(a) 69. 8 

0. 726(a) 71. 7 

0. 680(a) 74. 6 

0. 627(a) 78. 6 

0. 592(a) 81. 7 

0. 543(a) 86. 7 

0. 520(a) 87, 5 

0, 482(b) 94. 3 

0. 430(b) 1.02. 3 

0.402(c) 106. 7 

0. 391(b) 109. 0 

0. 380(d) 109. 7 

0. 369(c) 113, 6 141. 7 

0. 343(c) 118. 8 141. 7 

0. 335(d) 117. 7 

0. 320(c) 125. 7 141. 7 

0. 298(d) 123, 1 

0. 273(c) 141. 7 

0. 247(c) 141. 7 

0. 208(c) 140. 4 
0. 110(c) 135. 5 

0. 048(c) 132. 2 

0. 000(c) 129, 6 

*(a), (b), (c) and (d) refer to different samples. 
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phase boundary at about -65° C and 67 mole percent B2F4. Whether 

this corresponds to the transition point of a compound COCl2. 2B2F4 

(similar to the transition point for the H2S -BF3 system described 

by Germann and Booth [32] ), or is due to an inherent property of 

the system is not known. The data for this system are given in 

Table VI. The corresponding phase diagram is shown in Figure 12. 

Martin and Faust (55) report that during the course of investi- 

gation of the COC12 -BF3 system, "glass formation" was ens 

countered in the range between 30 and 60 mole percent BF3. This 

made it necessary for them to make a slight change in their method 

of cooling. Their method consisted of cooling the freezing point 

cell in liquid nitrogen until a slush was obtained inside the cell. 

The liquid nitrogen was removed and the mixture allowed to warm 

until the solenoid stirrer just began to operate. The freezing point 

cell was then immersed in liquid nitrogen again until the stirrer 

stopped, care being taken not to overcool the slush. A short break 

in the cooling curve was thus obtained on the recording potentio- 

meter and this was taken to be the freezing point. 

The same type of "glass formation" was encountered in this 

work and is probably the cause of the somewhat inconsistent 

freezing points obtained in the range between 30 to 60 mole percent 

B2F4. Martin and Faust's method of cooling was tried for several 

points in the system, but little improvement of the freezing points 
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TABLE VI. DATA FOR THE SYSTEM, B2F4 -COC12 

Mole Fraction 
of B2F4 

Freezing Point 
-° C 

Eutectic Temperature 
-° C 

±0, 002 ±0. 5 ±0. 5 

1. 000(a)* 57. 2 

0. 931(a) 60. 0 

0. 855(a) 62. 2 

0. 790(a) 63. 9 

0. 705(a) 65. 6 

0. 705(a) 64, 9 

0. 648(a) 66. 5 

0. 648(a) 67, 6 

0. 594(a) 68. 5 

0. 594(a) 69, 6 

0. 539(a) 71. 0 

0. 539(a) 70, 3 

0. 539(a) 72. 0 

0, 492(a) 73, 6 

0. 492(a) 74. 7 

0. 437(a) 77. 6 

0, 386(a) 82. 6 

0. 386(a) 80, 8 

0. 386(a) 79. 5 

0. 386(a) 83. 3 

0, 344(a) 84. 0 

0. 344(a) 87, 4 
0, 332(b) 82. 6 

0. 326(a) 88. 3 

0, 294(b) 85, 6 

0. 244(b) 91. 5 

0. 203(b) 96. 3 132. 5 

0, 165(b) 132. 4 

0. 121(b) 132. 5 

0. 048(b) 133. 0 

0. 000(b) 132. 2 

*(a) and (b) refer to different samples, 
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was noted. Changes in cooling rates and /or stirring rates also had 

little effect on the consistency or reproducibility of the freezing 

points. 

The results indicate that BF3 is a stronger Lewis acid than 

either BC13 or B2F4 toward the Lewis base COC12. No conclu- 

sions can be drawn for the relative strength of BC13 and B2F4 

since neither forms a stable complex with COC12. 

The System, Sulfur Tetrafluoride -Diboron Tetrafluoride 

Brotherton, McCloskey and Manasevit (15) reported the 

apparent formation of a 1:1 adduct between B2F4 and SF4. The 

adduct, which formed at -800 C, decomposed slowly at room tem- 

perature with the formation of BF3, B2F4, SOF2 and SF4 ( identi- 

fied by infrared analysis). A 2:1 complex (B2F4. 2SF4) didn't form 

when an excess of SF4 was used. 

The reaction between SF4 and B2F4 was repeated in this work 

in an effort to determine the phase diagram of the system. How- 

ever, the adduct that formed was so stable that only slight 

miscibility occurred before a solid layer separated, leaving the 

liquid phase as either pure B2F4 or pure SF4. The study was 

further complicated by the extreme difficulty of stirring the mix- 

ture once solid began to form, Thus, freezing points were obtained 

only in the vicinity of pure B2F4 or pure SF4. The data for this 
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system are shown in Table VII, and the corresponding phase dia- 

gram is shown in Figure 13. 

Slow decomposition of the complex occurred after the mixture 

was warmed to room temperature. Thus, it appears that the 

actual phase diagram for this system would show a very rapid rise 

at the extremities with a maximum somewhere above room tem- 

perature. The freezing points that were measured would thus 

represent the eutectic points of the system. Determination of the 

freezing points above this temperature is not possible since the 

solid complex sublimes. A visual determination of solid formation, 

however, might afford an estimate of the maximum melting point. 

The two eutectic temperatures were -59. 8 ± O. 5o C and 

-116.4 f 0. 5° C. A hypothetical phase diagram is shown as a 

dotted line in Figure 13. 

The freezing point of B2F4 was lower than the literature value. 

Again, this may have been caused by formation of BF3. The 

freezing point of pure SF4, -116, 3 ± 0. 5° C, was considerably 

higher than the literature value of -121° C (16). An infrared 

spectrum indicated no impurities to be present and measured vapor 

pressures agreed with calculated values. Several different samples 

gave the same freezing point. 
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TABLE VII. DATA FOR THE SYSTEM, B2F4 -SF4 

Mole Fraction 
of B2F4 

Freezing Point Eutectic Temperature 
-°C -°C 

± 0. 002 f0. 5 ±0. 5 

1. 000(a)* 57. 7 

0. 924(a) 59. 7 59. 7 

0. 869(a) 59. 8 

0. 788(a) 59. 8 

0. 706(a) 59. 8 

O. 193(b) ** 
0. 153(b) 116. 4 

0. 112(b) 116. 0 

0. 050(b) 116. 3 

0. 000(b) 116. 3 

*(a) and (b) refer to different samples. 
** Could not stir the mixture. 
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Displacement of Diboron Tetrafluoride 
from Sulfur Tetrafluoride with Boron Trifluoride 

BF3 forms a very stable 1:1 adduct with SF4 (6, 59). Since 

B2F4 also forms a stable 1:1 complex with SF4 (15), it was of 

interest to determine whether BF3 would displace B2F4 quantita- 

tively from the B2F4 -SF4 complex. 

SF4 (2. 89 mmoles) was condensed into a U -tube containing 

1. 25 mmoles of B2F4 and the mixture was warmed to room tem- 

perature to insure mixing, The system was cooled to -80° C and 

held at that temperature for 30 minutes. Excess SF4 (1, 67 mmoles) 

was then distilled from the complex at -80° C. A 1:1 adduct (1. 25 

mmoles B2F4, 1. 22 mmoles SF4) was assumed to have formed in 

the U -tube at -80° C. Previously purified BF3 (2. 76 mmoles) was 

added to the SF4° B2F4 complex and the total mixture warmed to 

room temperature to again insure mixing. The system was then 

cooled to -80° C and held at that temperature for 45 minutes. 

Fractionation of volatile products from -80° C produced two com- 

ponents condensing at -119 and -196° C respectively. The fraction 

condensing at -119° C (1, 16 mmoles) was shown by infrared 

analysis to be predominantly B2F4 while the fraction condensing at 

-196° C (1. 79 mmoles) was shown by infrared analysis to be pre- 

dominantly unreacted BF3 with a trace of SF4. The 1. 16 mmoles 

of B2F4 recovered represents displacement of 93% of the B2F4 



68 

from the original complex. 

This displacement reaction was used later to separate COC12 

and B2F4 since they could not be separated by fractional condensa- 

tion. 

The System, Xenon -Boron Trifluoride 

Wiberg and Karbe (78) investigated, cryoscopically, mix- 

tures of Xe -BF3 and Kr -BF3 to determine whether the noble gases 

would form addition compounds with a typical Lewis acid. Due to 

the increased interest in noble gas chemistry since the discovery 

and characterization of a compound of Xe in 1962 by Bartlett (5), 

the Xe -BF3 system was reviewed both as a check of Wiberg and 

Karbe's work and as a check of our system. 

Wiberg and Karbe reported that the liquids were immiscible 

although there was a slight mutual solubility. In this work BF3 and 

Xe were also found to be immiscible and BF3 slightly soluble in 

liquid Xe, as evidenced by the slight depression of the freezing 

point of the pure Xe, However, Xe was found to be insoluble in 

liquid BF3 as no freezing point depression was observed. The data 

for this system are listed in Table VIII, and the corresponding 

phase diagram is shown in Figure 14. The data were corrected for 

the amounts of BF3 and Xe in the vapor state at the various 

freezing points. 
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TABLE VIII. DATA FOR THE SYSTEM, BF -Xe 

Mole Fraction 
of BF 

3 .: 

t0, 002 

Freezing Point 
-° c 

Eutectic Temperature 
° c 

1. 000(a)(b)* 
0. 985(a) 
0. 974(c) 
0. 944(b) 
0. 928(a) 
0, 891(b) 
0. 850(c) 
0. 781(b) 
0, 780(a) 
0. 748(c) 
0, 697(b) 
0, 680(a) 
0. 609(c) 
0. 590(b) 
0. 534(c) 
0, 476(d) 
0, 457(b) 
0. 403(b) 
0. 369(d) 
0. 253(d) 
0. 148(c) 
0. 117(d) 
0, 075(c) 
0. 010(c) 
0, 000(c) 

to, 5 

127. 5 

127. 5 

112. 8 

127. 5 

127. 5 

127. 5 

113. 1 

127. 4 
127. 5 

112. 9 

127. 3 

127. 5 

113.0 
127, 4 
113. 0 

113. 0 

127. 5 

127. 5 

113. 0 

113. 0 

112. 7 

112. 7 

112. 5 

112. 4 
111, 6 

±0. 5 

(b), (c) and (d) refer to different samples. *(a), 
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The solubility of BF3 in liquid Xe was approximately the same 

in this work as that found by Wiberg and Karbe. The maximum 

freezing point depression observed in this work was 1. 5o C where- 

as the maximum depression they observed was 2. 20 C. They ob- 

served a maximum freezing point depression of 2. 
o 

C for Xe in 

liquid BF3 whereas no depression at all in the freezing point of 

pure BF3 was noted in this work. The freezing points of both pure 

BF3 and pure Xe were slightly higher than reported by Wiberg and 

Karbe but agree more closely with the more recent literature 

values. The freezing point of pure BF3 was -127. 5 ± O. 5° C while 

that of pure Xe was -111. 6 ± O. 5° C. 

The freezing point of the BF3 phase at low mole percent BF3 

could not be determined due to poor thermal contact between the 

small amount of liquid BF3 and the thermocouple. (Since most of 

the mixture is solid Xe, there was not enough liquid for a good 

freezing point.) As soon as about ten mmoles of BF3 had been 

added, a good freezing point was obtained. This part of the curve 

is shown as a dotted line although there is no reason to believe that 

the freezing point would not remain the same. 

The System, Nitrogen Tr ifluoride -Boron Trifluoride 

The interaction of Lewis acids with some nitrogen -fluorine 

compounds has recently been reported by Craig (25). Among the 
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reactions studied were those of NF3 with BC13 and BF3. Craig 

reported that weak association does take place between NF3 and 

BC13 as well as between NF3 and BF3. However, the association 

was believed to be through van der Waals forces and did not in- 

volve any appreciable fluorine bridging, charge transfer or 

electron donation. Craig's work was carried out by thermal der - 

composition and infrared spectroscopy studies. It was of interest 

in this work to investigate this possible interaction between BF3 

and NF3 by means of thermal analysis. 

NF3 and BF3 were found to be immiscible although NF3 was 

slightly soluble in liquid BF3. The solubility of BF3 in NF3 was 

not determined since the lowest temperature obtainable in this work 

was -196° C, whereas NF3 freezes at - 206. 79° C (46, p. 47). The 

data are listed in Table IX, and the corresponding phase diagram 

is shown in Figure 15. 

The difference in volatility of BF3 and NF3 (NF3 has a vapor 

pressure greater than one atmosphere at the freezing point of BF3) 

made it necessary to use expansion bulb G (Figure 3) for many of 

the cooling curve determinations on this system. At all composi- 

tions, the mole fraction of BF3 in the liquid phase was corrected 

for the amount of NF3 and BF3 in the vapor state. The freezing 

points are somewhat random throughout the phase diagram with a 

maximum freezing point depression of 4. 8° C. Little information 



73 

TABLE IX, DATA FOR THE SYSTEM, BF3 -NF3 

Mole Fraction Freezing Point 
of BF3 -o 

Eutectic Temperature 
C 

t0. 002 ±0. 5 

1. 000(a)* 
0, 974(a) 
0. 922(a) 
0. 905(a) 
0, 856(b) 
0. 828(a) 
0. 820(b) 
0. 778(a) 
0. 764(b) 
0. 652(b) 
0. 624(a) 
0, 624(c) 
0. 612(b) 
0. 581(c) 
0. 578(c) 
0. 540(b) 
0. 531(c) 
0. 506(c) 
0. 456(c) 
0. 404(c) 
0. 364(c) 
0. 359(c) 
0. 351(c) 
0. 251(c) 
0. 228(c) 
0. 149(b) 
0. 133(b) 
0. 115(b) 
0. 051(c) 
0. 016(c) 
0. 000(b) 

127.8 
128. 9 

130. 0 

130, 6 

131. 8 

131. 7 

131, 9 

132.0 
132. 3 

132. 6 

132, 2 

131. 5 

130, 6 

130. 2 

130. 1 

130. 5 

129. 5 

130. 4 
129. 3 

129. 4 
129. 3 

129. 3 

129. 7 

128. 8 

128. 8 

130. 3 

130. 3 

129. 2 

129. 5 

129. 0 

±0. 5 

*(a), (b) and (c) refer to different samples. 
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of significance can be drawn from the phase diagram except to note 

the slight solubility of NF3 in liquid BF3. The results agree with 

those of Craig since no apparent adduct was formed between BF3 

and NF3. 

The System, Nitrogen Trifluoride -Boron Trichioride 

As with the system, BF3 and NF3, BC13 and NF3 were found 

to be completely immiscible although NF3 appears to be slightly 

soluble in liquid BC13. The data are listed in Table X. 

Again the main difficulty encountered in this system was due 

to the difference in volatility of the reactants. All of the freezing 

points obtained were at high mole percent BC13 since most of the 

NF3 is in the vapor state. However, even with an approximate 1:1 

ratio of total NF3 to BC13, there was no apparent interaction. 

Moreover, when the mixture was warmed from -1960 C, the NF3 

vaporized completely before any of the BC13 vaporized. This was 

observed by noting that the vapor pressure increased rapidly upon 

removal of the cold bath and then leveled off at a pressure 

corresponding to complete vaporization of the NF3 present in the 

original mixture. At a considerably higher temperature the pres- 

sure increased further as BC13 vaporized. 
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TABLE X. DATA FOR THE SYSTEM, BC13 -NF3 

Mole Fraction 
of BC13 

Freezing Point Eutectic Temperature 
-o C -o C 

0. 005 -0. 5 O. 5 

1. 000 107, 4 
0. 985 107. 6 

0. 972 107. 6 

1. 000 107. 2 

0. 973 107. 4 
0. 983 107. 4 
0. 958 108. 0 
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Lewis Acid Strengths of 
Diboron Tetrafluoride and Boron Trifluoride 

It is interesting to note that in no case was B2F4 shown to be 

a stronger Lewis acid than BF3. BF3 was shown to be a stronger 

Lewis acid in at least three instances and two of these, with SOF2 

and COC12, involved bases where the "reverse" order for BF3 and 

BC13 was observed by others. Thus, the complex reported by 

Hansen (38, p. 48 -51) between B2F4 and (CH3)2NCH2CH2N(CH3)2 

appears to be the only case so far investigated where a more stable 

complex is formed with B2F4 than with BF3. 

The generally weaker acidity of B2F4 as compared to BF3 

can be accounted for, qualitatively, in terms of several factors 

discussed earlier. These factors influence the electronic environ- 

ment, and therefore the Lewis acidity of boron in the two com- 

pounds. BF3 is expected to be the stronger Lewis acid on the basis 

of both steric hindrance (the -BF2 group is larger than -F) and 

electronegat ivity ( -F is more electronegative than -BF2). 

Reorganization energy for B2F4 upon dative bond formation 

has not been calculated and is difficult to predict. One would ex- 

pect IT bond energy to be greater in BF3 than B2F4 (for a single 

boron) because of electron contributions by the third fluorine in 

BF3. However, the apparent shortening of the boron -boron bond 

in B2F4 has not been accounted for nor has the difference in 
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boron -boron bond energy between B2F4 and B2C14. Until more is 

known about the nature of this bond, calculation of reorganization 

energy is possible only by poorly defined approximations to bond 

order and bond energy changes. 

The one case in which B2F4 has been shown to be the 

stronger acid [with (CH3) 2NCH2CH2N(CH3) 2] can be qualitatively 

accounted for on the basis of a smaller decrease in entropy where 

ring and chain formation is possible in the complex. This argument 

has been developed accounting for the enhanced stability of metal 

chelates as compared to similar complexes with unidentate ligands. 

The smaller decrease in entropy results from the organization of 

fewer particles per mole of complex. The contribution to change 

in free energy is of the order of one to two kcal /mole with metal 

chelates and may be even greater in boron halide- nitrogen base 

systems. 

Further Work Suggested by this Study 

Since little has been reported about the comparative Lewis 

acid strengths of the diboron tetrahalide compounds relative to one 

another and relative to the boron trihalides, it is suggested that 

this study be broadened to include the reactions of B2C14. Thus, 

the following systems might be studied by thermal analysis: 

H2S- B2C14, COC12- B2C14, and SOF2- B2C14. Similarly, a study 
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of the system, SF4 -BC13 would be of interest. It is further 

suggested that other Lewis bases as well as the other boron tri- 

halides, BBr3 and BI3, be included in any future studies. In this 

way the factors influencing Lewis acidity can be better understood. 

It is further suggested that X -ray diffraction studies be 

carried out on the compounds BF3- SF4 and B2F4. SF4 since both 

offer interesting structure possibilities and are somewhat stable at 

room temperature. 
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SUMMARY 

Thermal analysis was used to investigate the following seven 

systems: H2S -B2F4, SOF2 -B2F4, COC12 -B2F4, SF4 -B2F4, 

Xe -BF3, NF3 -BF3, and NF3 -BC13. In two of the seven systems, 

compound formation was observed. 

In the system, H2S -B2F4 the compounds H2S B2F4 and 

2H2S' 
2 

B2F4 are formed. The compound H2S B2F4 has a melting 

point of -94. 9 ± 0. 3° C while the compound 2H2S B2F4 melts at 

-100. 3 . 0. 3° C. The system has three eutectics at 16. 2, 35. 2 

and 50.5 mole percent B2F4 and at -107.4 ± 0. 3° C, -100.4 ± 0. 3 °C 

and -94. 9 t 0. 3° C, respectively. 

In the system, SF4 -B2F4 the compound SF4 B2F4 is formed. 

The SF4' B2F4 slowly decomposes at room temperature. Two 

eutectics are found in the phase diagram at 3 ± 2 and 98* 2 mole 

percent B2F4 and at -116. 3 ± 0. 5° C and -59. 8 ± 0. 5° C, respec- 

tively. 

The system, SOF2 -B2F4 has a single eutectic at 24 mole per- 

cent B2F4 and a temperature of -141. 7 ± 0. 5° C. The two com- 

ponents are completely miscible. 

The system, COC12 -B2F4 has a single eutectic at four mole 

percent B2F4 and a temperature of -132. 5 ± 0. 5° C. The two com- 

ponents are completely miscible. 
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The compounds Xe and BF3 are immiscible although BF3 is 

s lightly soluble in liquid Xe. Xe is completely insoluble in liquid 

BF3. 

The compounds NF3 and BF3 are immiscible although NF3 

is slightly soluble in liquid BF3. The solubility of BF3 in liquid 

NF3 was not investigated. 

The compounds NF and BC1 
3 

immiscible with NF3 being 
3 3 

very slightly soluble in liquid BC13. The solubility of BC13 in. 

liquid NF3 was not investigated. 

BF3 is shown to displace B2F4 from the complex SF4. B2F4 

in 93% yield. 

BF3 is a stronger Lewis acid than either BC13 or B2F4 toward 

the Lewis bases SOF2 and COC12 on the basis of compound forma- 

tion. No conclusion can be drawn about the relative acid strengths 

of BC13 and B2F4 relative to these two bases. 

Based on acid displacement, BF3 is a stronger Lewis acid 

than B2F4 relative to the Lewis base SF4. 

Toward the Lewis base H2S, the order of increasing Lewis 

acidity appears to be B2F4 < BF3 < BC13, B2C14. This is a 

qualitative order based on the height of the maximum between 

eutectics in the phase diagrams. 

In the synthesis of B2F4, the yield of B2F4 seems to be quite 

dependent on the age of both B2 LN(CH3)Z1 4 and B2(OH)4 with 

are 



82 

fresh samples of both producing good yields of B2F4 upon conver- 

sion to (BO) x 
and subsequent fluorination. 

The generally weaker acidity of B2F4 as compared to BF3 is 

accounted for on the basis of electronegativity and steric con- 

siderations. 
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