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The Fluoride Ion Affinities of GeF4  and BF3  from Thermodynamic and 

Structural Data for (SF 3 ) 2GeF6 , C1O2GeF5  and C1028F4  

THOMAS E. MALLOUK, GUY L. ROSENTHAL, GERHARD MULLER, RAYMOND BRUSASCO, 

and NEIL BARTLETT* 

ABSTRACT 

(SF 3 ) 2GeF6  is orthorhombic with a = 6.142(1); b = 9.593(1); c 

7.458(1) g ;  V = 439.4(2) g3; 
P ca1c = 2.756. Full matrix least squares 

refinement using 299 independent observations (MoK-, graphite monochromator) 
OL 

in space group Pmnn (No. 58) yielded weighted R = 0.025(unweighted 0.016) 

from which SF 3  ions are seen to have " C 3  symmetry with S-F = 1.515(2), 

1.519(2) ; F-S-F angle = 96.2(1) 0 . Each SF 3  makes close contact with one 

F atom from each of three GeF 5 2  ions to give a distorted octahedron of F 

about S. The GeF62  ions are almost octahedral with GeE = 1.783(1), 1.787(1) 

and cis F-Ge-F angles within 3o of 90°, each F ligand being 2.37 to 2.42 

+ 	 + 
from an S atom of an SF 3  . Lattice energy calculation gives H

0 (_') SF 3(g)  + 

• GeF9) = (SF 3 ) 2GeF 5) .) = - 383(12) kcal mo1e. From dissociative pressure 

dependence on temperature: tH°[(SF3)2GeF6(5) = 2SF 4(9)  + GeF4(9) ]= 

42.9(6) kcal mo1e, AS° = 125(2) cal mole* Similarly H°(ClO 2GeF 5  = 

This work was supported in part by the Committee on Research of the University 
of California, Berkeley and by the Director, Chemical Sciences Division of the 
U. S. Department of Energy under Contract Number DE-AC03-76SF00098. 
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C1O2 F (9)  + GeF4(g))= 29.1(4) kcal mole, S° = 90(1) cal moleK. 

Calculation of IHO(Cl02•g) + GeF (g)  = Cl02 GeF (5) ) gives -146(5) kcal 

mole. The derived enthalpy changes are H°(GeF 4(g)  + Fig)  = GeF(g, polymer) 

= -98(7) and LH°(GeF4(g)  + 2F g)  = GeF 9) ) =-82(18) kcal mole'. 

C1O2BF4  is monoclinic with a = 5.522(1); b = 8.646(1); c = 9.549(2); 

=98.01(l)°; V = 451 .4(2) 3 ; P 
 calc = 2.269. The structure was refined 

in space group Cc (No. 9) to yield a weighted R = 0.032 (unweighted 0.023) 

from 577 independent reflections. All four fluorine atoms of the tetrahedral 

BF4  ion form van der Waals' contacts to the chlorine atoms of neighboring 

ClO ions. The closest of these contacts are nearly perpendicular to the 

plane defined by the centers of the chlorine and oxygen atoms. From measure-

ments of the dissociation pressure of C10BF the previously reported value' 

of H°(ClO 2 F (g)  + BF3(g)  = C1O2BF4(5) ) = -24(1) kcal mo1e 	has been confirmed. 

Lattice energy calculations have provided for evaluation of the following 

enthalpy changes: 	H°(BF3(9)  + F (g)  = •BF4(g) ) = -92(6), EH°(SF4(g)  = 

SF (g)  + Fig) ) = 211(8), and H°(UF6(9)  + e = UF (g) ) = -133(6) kcal mole* 

Introduction 

The discovery2  of what appears to be a thermodynamic threshold govern-

ing the intercalation of graphite by fluoro anions, MF, has required the 

evaluation of the thermodynamic stability of a number of such species. Since 

germanium tetrafluoride and fluorine are intercalated, in combination, by 

graphite3  to form both GeF and GeF62 , the first and second fluoride-ion 

affinities of that molecule are each of interest. Evaluation of the fluoride 

ion affinity of boron trifluoride by Altschuler 4  yielded a value of -71 kcal 
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mole. This has been accepted by several authors 5 ' 6  as the basis for 

other fluoride ion affinities and electron affinities. Sharpe 7 , however, 

has preferred a value of -91 kcal mole, based upon the data of Bills 

and Cotton8 . Although this latter value is in harmony with other fluoride 

ion affinities and electron affinities, its confirmation was clearly de-

sirable to provide a firm basis for correction of affinities based upon 

the lo,er value. This paper describes the studies which have provided 

these fluoride ion affinities. 

The salts ClOGeF and (SF) 2GeF, each of which dissociates to stable 

component species at easily accessible temperatures, have provided for the 

determination of the following enthalpy changes: 

H°(ClO2GeF 5(5) 	- 	C1O2F (g)  + GeF4(g) ) 	 (1) 

H°[(SF3)2GeFS(S) 	- 	2 SF4(g)  + GeF4(g) ] 	 (2) 

The salt ClOBF also dissociates extensively at ordinary temperatures, 

and the enthalpy change: 

EH°(Cl02BF4(5) 	- 	C1O2F (g)  + BF3(g) ) 	 (3) 

has been reported' to be -24(1) kcal mole. This finding has been confirmed 

in the present study. 

The crystal structures of the salts have been determined, C10 2GeF 5  

being reported in the accompanying paper9 , and the (SF3 ) 2GeF5  and C102BF4  

structures in this paper. From th it structural information, lattice energies 

for the latter two salts have been derived after the method of Bertaut 1°  

as modified by Templeton 11 . These provide enthalpy changes for the processes: 



4 

H0(2SF;(g) + GeFg) 	- (SF3)2GeF6( S )) 
 

AHO(ClO;(g) + BF(g) 	- C 1 O2BF4( s ))  

The lattice enthalpy for C102GeF5 : 

H0(Clo;(g) + GeF5(g) 	- C1O2GeF5(5) )  

has been estimated from a simple linear empirical 	relationship between 

lattice energy and the reciprocal of the cube root of the formula unit volume. 

The enthalpy change: 

LH°(ClO 2 F (g) 	 Cl0 	+ Fig) ) 	 (7) 

is known from previously reported data 12 ' 3 ' 14 , hence the values of 

zH°(GeF4(9)  + F (g) 	 GeF (9) ) 	 (8) 

AH°(BF3(g)  + F (g) 	 BF (g) ) 	 (9) 

are obtained directly from the complete thermodynamic cycles. In the case 

of the (SF3 ) 2GeF6  salt however, the enthalpy change: 

H°(SF4(g) 	SF (g)  + Fig) ) 	 (10) 

was uncertain. This uncertainty derived from disagreement on the value of 

H°(BF 3(g)  + F (g) 	- 	BF (g) ) 	 (9) 

to be used to complete the cycle for the salt SFBF (5) . The crystal 

structure of this salt is accurately known 15  and the enthalpy change: 

LH0(SF3BF4(5) 	- 	SF4(g)  + BF3(g) ) 	 (11) 

61,  
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has been evaluated in three independent studies 16 ' 17 " 8 . Since the 

repàrdeleétron affinity 19  of UF6  had been based on the erroneous 

values for (9), an independent evaluation of 

tH°(UF6(g)  + e 	UF (g) ) 	 (12) 

has been derived from the thermodynamic data available20 , for the salt 

N0UF(S). This also checks the lattice energy evaluations. 

Experimental Section 

Preparations and Structures. (SF 3 ) 2GeF6 : SF4  and GeF4  were brought 

together in a 2:1 molar ratio to produce a colorless solid 2SF 4 .GeF4  which 

was purified by sublimation at room temperature. The apparatus, handling 

techniques, and starting material preparations are described in the accom-

panying paper. 9  Single crystals were grown by sublimation in quartz X-ray 

capillaries at 30-35 0 . Precession photographs indicated space group 

Pnn2 or Pnnm. A crystal mounted on a CAD-4 four circle diffractometer 

provided a data set collected in the manner previously described 9 . 

Because of the ready dissociation of this compound, data were gathered 

at -97±7 0 . They are given in Table I. 

The structure was successfully refined, as described elsewhere 9 , in 

the centric space group Pmnn (#58). Full matrix least squares refinement 

with anisotropic thermal parameters gave final convergence with weighted 

R = .025, unweighted R = .016, e.s.d.o.u.w. = 1.463 for 42 variables and 

299 independent observations. The largest parameter shift in the final 



refinement cycle was < 0.IG. A final difference Fourier gave no peaks 

with density greater than 0.141 e - 1R3 .. Positional and thermal para-

meters for (SF3 ) 2GeF6  are given in Table II. 

The sulfur and germanium coordination environments in the (SF 3 ) 2GeF5  

structure are shown in Figure 3. While the spacegroup requires C 5  symetry 

at S and C2v  symmetry at Ge, the SF ion has essentially C 3 , symmetry with 

all S-F bonds of equal length and all F-S-F angles equal within one standard 

deviation; the GeF 62  ion is almost a regular octahedron with all Ge - F 

bond lengths equal within la and with F-Ge-F angles differing from 90° by 

about 3. Each sulfur atom makes close contacts with one F atom from each 

of three' different anions, and so the cation-anion coordination in (SF 3 ) 2GeF5  

is 6:3, with each fluorine atom in the GeF 62  octahedron making a bridging 

contact (2.37 - 2.42 ) to a sulfur atom. Fluorine atoms in the SF ion 

make only van der Waals' contacts (4 2.65 g) with other fluorine atoms in 

the structure. The bridging by fluorine inthis'structure resembles that 

found 15  in SF3BF4 , where the coordination is 3:3. The dimensions of SF 

in SFBF and (SF) 2GeF6 2  are not significantly different, and as has 

been remarked earlier' 5 , the F - S - F bond angle has the same value as 

that of F - P - F in the isoelectronic relative PF 3 . Bond lengths and 

angles for (SF 3 ) 2GeF6  are given in Table III. 

C1O 2BF4 : C102F and BF 3  were combined in a 1:1 molar ratio. The 

pale yellow solid product was purified by sublimation and handled in a 

manner similar to (SF3 ) 2GeF6 . Single crystals were grown in quartz 
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capillaries at 25_300. Precession photographs indicated space group 

C2/c or Cc. Data were gathered successfully at room temperature (Table I). 

Refinement, in the acentric space group Cc (0), with anisotropic 

thermal parameters, gave final convergence with weighted R = .032, Un-

weighted R = .023, e.s.d.o.u.w. = 1.828 for 72 variables and 577 independent 

observations. The largest parameter shift in the final refinement cycle was 

0.1c. The largest peak in the final difference Fourier was 0.274 e/ 3 . 

Positional and thermal parameters for C10 2BF4  are given in Table IV. 

Upon examination of the data, it was found that three reflections 

gathered consecutively, the 221, 220 and 221, showed the worst fit of 

Fobs to  Fcaic•  Intensities of these reflections were apparently not 

fully counted due to misorientation and were omitted from the final re-

finement. 

A stereoview (Fig. 4) shows the coordination about the Cl atom in 

C1O2BF4 . Selected bond lengths and bond angles are given in Table V. 

The closest Cl ... F contacts (F 1 , 2.534(2), and F 3 , 2.580(1)g) are those 

approximately normal to the plane defined by the C10 2 . The other two 

Cl ... F contacts (F 2 , 2.704(2), and F4 , 2.731(2)) are in that plane. 

All four C1••F contacts, together with the Cl-0 bonds, complete a grossly 

distorted octahedral coordination about the Cl atom. The additional ii-

gands perpendicular to the C102  plane are similarly placed to those in the 

C102 GeF5  structure 9 , where there are two crystaliographically distinct 

C102t The in-plane C1 ... F contacts are different in C10 2 BF4  from each 

of the two arrangements in C10 2 GeF 5 . Evidently the Cl"•F contacts 



perpendicular to the C10 2  plane are more significant than the others. 

The BF4  ions are almost tetrahedral. 

Dissociation pressure measurements for ClOGeF and (SF) 2GeF62  

Vapor pressure measurements were made using a Monel diaphragm 

gauge as described by Cromer 21 . Each sample (1-2g.) was sublimed into 

a thin-walled quartz bulb partially collapsed to increase the surface 

area for good thermal contact. 	This was attached via Monel compression 

fittings to the gauge as shown in Figure 1. 

The null point (no pressure difference across the nickel dia-

phragm) was established by closing A and C and opening B and D. For 

vapor pressure readings, the sample system and gauge were fully immersed 

in a water bath. Valve B was closed, A and C were opened, and E and D 

were adjusted to find the null point at each bath temperature at equili-

brium, the pressure being determined from a mercury column. The sample 

was pumped out briefly between pressure readings, which were reproducible 

within 1 or 2 torr at low temperature (0-10°C) and within 4 or 5 torr 

at higher temperatures (25-35 0 C). Log P vs. lIT data for C10 2 GeF 5  and 

(SF 3 ) 2GeF6  are given in Table VI. Since for C10 2GeF 5  K 	c102F 
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GeF4 	and for (SF3 ) 2GeF6  K = 

from the van't Hoff relation, d(lnK)/d(l/T) 

C1O2GeF5(5)  = C1O2 F (9)  + GeF4(g)  

(SF3)2GeFS(S) = 2SF4(g)  + GeF4(g)  

The identities of the gaseous species in 

were established by infrared spectroscopy. 

ttice Energy Calculations 

Electrostatic Terms 

GeF4 	4P = 	3/27, we have 

= -H°/R: 

= 29.1(4) kcal/mole 

= 90(1) cal/mole°K 

= 42.9(6) kcal/mole 

tS° = 125(2) cal/mole°K 

equilibrium with the solids 

The electrostatic energy of a lattice of atoms of zero polarizability 

may be calculated exactly by the method of Bertaut 10 , provided the position 

and charge of each atom in the structure is known. This method involves 

the infinite sum in reciprocal space: 

Ueiec = l8R2 
	

E 	F(hkl)12 (sina-acosa)2 - 3 Z q• 2  
hkl 	 a 

where F(hkl) = Eq exp(2ih.r.), a = 27R/d 
ii 	 hkl 

q is the charge on atom j, h 	r = hx + ky j  + 1z, where 

are the fractional coordinates of atom j, R is one-half the shortest 

interatomic distance in the crystal, dhkl  is the distance between lat-

tice planes hkl, and V is the volume of the unit cell. In practice the 

sum must be terminated at some finite value of h, k, and 1, and to 

estimate the error introduced thereby, the modification introduced by 

Templeton 	has been used. In all calculations the termination of the 

series was chosen so as to insure that this error was no greater than 
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0.2 kcal/mole. Fractional charges were assigned to atoms using the 

electronegativity equalization procedure of Jolly and Perry 22 . Variation 

of these charges, within reasonable limits, produced small (1-3%) varia-

tions in the electrostatic part of the lattice energy; this is as expected 

since the multipolar interactions of complex ions in ionic crystals only 

amouit to i few percent of the total lattice energy. 23  

London Energy Teri:s 

The dipole-induced dipole dispersion energy (Udd)  is given by 

Udd = 	
r 6/(c + 

where a and c are respectively the polarizability and characteristic 

energy of the ion. The dipole-induced quadrupole energy (Udq) is like- 

wise given by a summation in r 8 ; it is however generally 10 - 15% of Udd. 

We take Udq to be 12501  of Udd. 

The Closed-Shell Repulsion Term 

A number of approaches to the calculation of closed shell repulsion 

energies may be found in the literature. Ladd and Lee 24  have successfully 

used the expression: 

Ur = B exp(-r0 /p) 

where B is a constant eliminated by the criterion of energy minimization, 

the shortest interatomic distance, and p a parameter usually determined 

from compressibility data. In the absence of such data, Born and Mayer's 

equation 25  may be used: 

Ur = bZ (1 + q 1 /n 1  + q/n)exp[(1 + 
	- rU)/P] 
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Here n is the -number-of electrons- in - the -outer shell of the i-on, q is the 

charge of the ion, r is its "basic radius", r 	 is the distance between ions 

i and j, and b and p are constants (10-12 erg molecule 	and 0.32 - 0.36 , 

respectively). The range of variation of the parameter p is smaller when 

this expression for Ur  is used. The Born-Mayer expression was used exclu-

sively in the present calculations. 

The Zero Point Vibrational Energy and .rCdT Terms 

A complete lattice enthalpy at 298 K must include the enthalpy of 

cooling the gaseous ions to 0 K, the enthalpy of warming the crystal 

from 0 K to 298 K, and the zero point vibrational energy of the crystal. 

For crystals containing relatively massive ions (SF 39 
 UF6 , GeF62 , 

etc.), the zero point energy (Uz)  is small (0.2 - 0.4 kcal mole 1 ). 

For crystals containing lighter ions this term is more important and 

may be estimated from Waddington's correlatiOn 26  of S°298  with Uz•  The 

specific heat (C r ) of the crystal is taken to be 3R per ion; C is 

taken 	to be 5/2 R for monatomic, 7/2 R for diatomic, and 4R for 

nonlinear polyatomic ions in the gas phase. 

Derivation of Parameters 

The assignment of polarizabilities, characteristic energies, and 

basic radii to the atoms in a crystal is not straightforward. Although 

readily accepted values for these quantities for alkali and halide ions 

are available, serious errors (vide infra) can arise if the values of c, 

, and c of fluoride ions are applied to fluorine atoms in a complex ion 

or molecule. The present approach has been, instead, to calculate the 

lattice energies of the molecular fluoride crystals UF6  and SiF4  (ignoring 

M - F interactions in the calculation of the repulsion energy, since the 
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forces giving rise to it are of extreme short range). The sublimation 

enthalpies (and hence the lattice energies) are known for these compounds, 

and CF  and F  are derived parametrically, using the energy minimization 

criterion, if values are assumed for cF,  ct,, and CM.  The last two terms 

are of reduced parametric importance since M - F interactions account for 

only a small fraction of the dispersion energies of these compounds. The 

average of the values derived for e 
Fs 
 46.90 (SiF4 ) and 52.24 (UF6 ) eV molecule, 

and rF,  1.053 (SiF4 ) and 1.079 (UE6 ) , are used in subsequent calculations. 

These quantities are derived in the Appendix. 

Calculations 

The derived fluorine parameters were applied to calculations for the 

salts SF 3 BF4 , NOUF6 , (SF3 ) 2GeF52 , C1O2 BF4 , and KBF4 . If the 

central atom in the anion is assumed to make no contribution to Ur  the 

lattice energy of the salt and the basic radius of the central atom in 

the cation may be calculated by minimizing the lattice energy with respect 

to variation in a crystallographic dimension r; r is chosen as the cube 

root of the unit cell volume, and so dM/dr = 0, where M is the Madelung 

constant. The following details for the salt SF 3 BF4  exemplify this 

approach: 

From (dUL/dr) - 	= 0, we have r 

U 	+6U +8U 	b elec 	dd 	dq = [exp(25/p) ZA +.exp(( r S + rF)/p) E B + exp( 2 F/p) EC I 

where ZA B C = E (1 + q./n. + q./n.)r. ./p 
-,-,- if 	11 	3 3 13 

A refers to the sum over S - 5, B over S - 

As pointed out by previous workers 27  , this 

and so we obtain r and hence Ur  from Born 

ex(-r/) 

F, and C over F - F interactions. 

equation is quadratic in exp( 5/p), 

and Mayer's equation. 
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Calculation of the dispersion energy terms Udd  and  Udq  requires that 

£ and c be assigned to the central atom of the cation (S in 	Cl in C10
9  

N0, and K). The polarizability of cationic sulfur and chlorine atoms 

should be less than that of the neutral argon atom 28, 1.6 R3, 
 and slightly 

larger than that of K, for which a preferred value 29  of 1.029 R3
has been 

given. We take these to have a polarizability of 1.2 R3
and N0 (which 

occupies about the same valume as a K+  ion in its salts) to have a polariz-

ability of 1.0 R3.  The characteristic energy is taken as 9/10 of the second 

ionization potential of the free atom. 

Table VII shows the calculated lattice enthalpies for SF 3 BF4 , 

N0UF6 , (SF3 ) 2GeF6 2 , C102 BF4 , and KBF4 , and the derived basic 
+.94 	+1.1 	+ 	+ radii for S 	, Cl 	, NO , and K . In these calculations a value of 

o = 0.333 R was chosen, since this is the preferred value for the alkali 
fluorides 27. Variation of p between 0.333 and 0.360 produced a variation 

of 1.5 kcal mole 	in the lattice enthalpy calculated for SF 3 BF. 

Likewise a variation of Udd + Udq by 25% (= 9.5 kcal mole) produced 

a change in the calculated lattice enthalpy of only 2.4 kcal mole 1 , 

because of a compensating change induced in Ur• 

For ClOGeF the method of calculation of the lattice enthalpy out-

lined above cannot be applied since the anion rearranges from a monomer in 

the gas phase to a cis-bridged 	polymer in the crystal. The lattice energy 

of this salt may be estimated from its formula-unit volume. Since the 

lattice energy of.a simple AB salt is dominated by the coulombic term (the 

repulsion energy and the dispersion energy terms being largely mutually cancel- 

ing over a fairly wide range of formula-unit volumes), a roughly linear corre-

lation between the lattice energy and M/(rA + B_) is expected, where M is the 
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Madelung constant and rA+B_  is the shortest cation - anion distance in the 

crystal. Kapusti,nskii has shown 30, however, that M/(rA+B-)  is relatively 

invariant with transformation from one structural type to another for the 

same ions A+  and B; and so one should, expect a linear correlation between 

the lattice energy and the inverse of the average' primitive unit cell edge, 

i.e., the cube root of the formula-unit volume in the crystal. This linear 

correlation is shown in Fig. 2. Thecorrelation is particularly good among 

members of a given structural family, e.g., NaCl or CsC1. Where the dis-

persion energy term is expected to be large,because of highly polarizable 

or strongly coordinating ions (e.g., lid, C1O 2BF4 , SF3BF4 ), a positive 

deviation is seen. The lattice enthalpy of Cl0GeF is therefore calcu-

lated simply from the UL  vs. V' '3  plot, allowing the same positive devia-

tion as for C10BF4 , to give H°L(Ci02GeF5) = 146(5) kcal mole. 

Results and Discussion 

Fluoride Ion Affinities 

Boron trifluoride -- The enthalpy change for the reaction: 

C1O2 F (g)  + BF3(g) = C1O2BF4(5) 

had been reported 1  to be -24 ('1) kcal mole. This value has been con-

firmed by our measurements. Since AHO L (Cl02BF4 ) = 149(5) kcal, then we 

have from 6H° f (Cl02 F) = -8.0(5) kcal 12 , tH° f (Cl02 ) = 24.5(8) kcal 3 , 

dO2  = C10 + e (H° = +246.6(23) kcal 14 ), and H 0 f (Fi = -62(1) kcal, 

that for BF3(g)  + F (g)  = BF (g) 	H° = -92(6) kcal mole* This is in 

agreement with the value calculated by Sharpe 7  from the data originally 

published by Bills and Cotton 8 , but disagrees with the often cited value 
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of -71 kcal which derives 5  from the enthalpy change for the reaction 

KBF4(5) = KF(s) + BF 3(g) • 

Uranium hexafluoride -- The electron affinity of UF 6  has been evaluated 

at 113 kcal mole 	by Beauchamp and coworkers 19  from measurement of the en- 

thalpy of the reaction: 

3(g) = 
BF 	~ UF 

4(g) 	5(g) 	
H° = +37 (4) kcal UF (g)  + BE  

Substituting the revised value of -92 kcal for IH°(BE3(g)  + F (g)  = BF (g) ) 

in place of the -71 assumed by Beauchamp, et al. and using -62 kcal for the 

heat of formation of E, we obtain E(UF 6 ) = 135 kcal. 

Since LH°(NO (g)  + UF6(g) = NOUF5(s)) = -52 kcal 20 , from the ionization 

potential of NO (+213 kcal) and our calculated lattice enthalpy for NOUF 6  

(132 kcal) we obtain E(UF 6 ) = 133 kcal. This agreement of the cyclotron 

resonance and lattice energy evaluations of E(UF 6 ) points to the correctness 

of the -92 kcal value for £N 0 (BF3(g)  + F (g)  = BF (g) ) and also indicates 

that the lattice energy evaluations are reliable. 

Sulfur tetrafluoride -- We may now calculate £H°(SF4(g)  = SF (9)  + 

= +211(8) kcal from AH0L(SF3BF4) = 144(5), H°(BE 3(g)  + Fig)  = BF (9) ) 

= -92(6) and AH°(SF4(g)  + BF3(g) = SF3BF4(S)) = -25(1) kcal. 

The first fluoride ion affinity of GeF4  is obtained from iH°(ClO 2 F (g)  = 

C1O (g)  + Fi g) ) = +217(3), H°(ClO 2 F (9)  + GeF4(g) = C1O 2 GeF5(5) ) = -29(1), 

and EH°L(ClO2GeF5) = 146(5) kcal mole. Thus iH°(GeF 4(9)  + F (g)  = 

GeF(g po1ymer) 
= -100(6) kcal mole. 

From H°(2SF4(g)  = 2SF (9) + 2F g) ) = 422(16), LH°(2SF4(g)  + GeF4(9)  = 

(SF 3 ) 2 GeE5(5) ) = -43(1), and IH ° L[(SF3)2GeF 5 ] = -383(12) kcal mole, the 

double fluoride ion affinity H°(GeF4(9)  + 2F g)  = GeE g) ) = -82(18) kcal 

mole 	is obtained. 
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Thus the first fluoride ion affinity of GeE 4  to form the polymeric ion 

(GeF5 ) 	exceeds that of BF3  by 8 kcal mo1e. Because of the smaller 

volume of BF relative to the uni-negative unit of (GeF 5 ), the more 

favorable lattice energy of the former approximately offsets the 	 - 

higher fluoride ion affinity of GeE 4  at least in salts with small catioris. 

In cases where cations are large and the values of the lattice energies 

of the (GeF5 ) 	and BF salts are therefore closer, the thermodynamic 

stability of the (GeF 5 ) 	salts must exceed those of the corresponding 

fi uoroborates. 

Acknowledgements: This work was supported in part by the Comittee on 
Research of the University of California, Berkeley and by the Director, 
Chemical Sciences Division of the U. S. Department of Energy under 
Contract No. DE-ACO2-76SF00098. The X-ray diffraction studies were 
carried out at the U. C. Berkeley CHEXRAY facility with the assistance 
of Dr. F. J. Hollander. The authors express their gratitude to Pro-
fessors David H. Templeton, Leo Brewer, and Herbert L. Strauss for 
useful discussions pertaining to the lattice energy calculations. 



- 	 U 

4 	 Appendix 

For the compounds SiF4  and UF6  we have: 

U = b(l + 2/n)exp(2r/p) z exp(-r. ./p) r 	 13 

Udq 	0.12 Udd 

The lattice energy (UL)  is given by: 

UL = Ue i ec  + Udd + Udq  - U r  - 

Since (dUL/dr)r..r = 0, we have 

Ue l ec  + 6Udd + BUdq = b(l + 	 rn /p exP(_r 1 /) 

Substituting Udq = 0.12 Udd,  we obtain 

U + U - .8391 U 
= 	L 	z 	elec 	

exp(-r. ./p) r 	
E (.1609r 1 ./p -1)exp(-r../p) ij 	13 
ij 	3 	 13 

UL + U2  - . 8391 Ueiec 
r 	p/ Zn F 	2 	

b(1 + 2q/n) z (.1609r/p - l)exp(-r. /,) 
ij 	 3 



We note that Ur  (and thus Udd + Udq) is independent of the constant b 

and thus depends only on the choice of p, the calculated electrostatic energy, 

and the measured sublimation enthalpy. However, rF depends on both b and P. 

The crystal structures of SiF 4  and UF5  are accurately known 31,32, 

and the polarizabilities, characteristic energies, and fractional charges 

assigned to each atom are shown in Table V. From these we obtain 

Ueiec = 1.1(1) kcal mole 	for SiF4  and 2.0(1) kcal mole 	for UF6 ; the 

heats of sublimation are 6.2 kcal mole 	(at 177K) for SiF433  and 11.8 

kcal mole 	(at 298K) for UF6 .34  The calculated values of CF  and rF  

(using a polarizability of 0.80 
R3 for F) are shn for three choices 

of o in Table VIII. Since the characteristic energy of an atom is related 

to its ionization potential, it is not surprising that the derived value of CF  for 

these (nearly electroneutral) fluorine atoms is significantly higher 

than that calculated by Mayer 35 for the fluoride ion in the alkali 

fluorides. r is likewise slightly smaller than the fluoride ion value 

determined by Jenkins and Pratt 
27  The agreement between the parameters 

derived from the SiF4  and UF6  calculations is reasonably good; when the 

lattice energy of SF 3BF4  was calculated using the two sets of parameters, 

the calculations differed by 1.3 kcal/mole. Average values of rF and CF 

are adopted for subsequent calculations. 	Oxygen parameters r0  and EO  are 

calculated from the 0s04  structure 36  (for which the heat of sublimation 37  is 	 * 

11.6 kcal at 300K and Ueiec = 2.5(1) kcal mole), assuming a polarizability 

of 0.90 	for the 0 atoms. Thus we obtain 	1.144 g and 	= 58.5 eV 

mo1ecule. The values of a and c assigned to the central atom in the anion 

again have little impact on the result of the calculation. 
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Table III. Bond Lengths and Angles for (SF 3 ) 2GeF62  

Ge 	F2 	1.787(1) 	 S 	F3 	1.515(2) 

Ge 	F4 	1.783(1) 	 S 	F4 	2420(1) 

S 	Fl 	1.519(1) 

S - F2 	2.367(2) 

F2 - Ge - F4 	89.83(5) 

Fl - S - Fl 96.23(10) 

Fl S - F2 82.86(6) 

Fl 	- S - F3 96.12(8) 

Fl S - F4 179.22(7), 	83.51(5) 

F2 - S - F3 178.47(8) 

F2 - S - F4 96.38(4) 

F3 - S - F4 84.63(5) 

F4 - S - F4 96.75(6) 
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Table V. 	CL0 2 BF - Bond Lengths and Angles 

DISTANCES 

Ct - 01 1.397(2) 

02 1.390(2) 

Ce Fl 2.534(2) 

C 	- F2 2.704(2) 

C 	- F3 2.580(1) 

C 	- F4 2.731(2) 

B - Fl 	1.380(3) 

B - F2 	1.376(4) 

B - F3 	1.383(3) 

B - F4 	1.377(3) 

ANGLES 

01 - C 	- 02 119.0(1) 

01 ce - Fl 93.0(1) 

01 - CZ - F2 87.9(1) 

01 - C 	- F3 91.6(1) 

01 - CL - F4 158.2(1) 

02 - CZ - Fl 98.4(1) 

02 C F2 152.01(8) 

02 - ce - F3 96.62(9) 

02 - ce - F4 82.25(8) 

Fl - C - F2 87.07(6) 

Fl - C - F3 159.69(6) 

Fl - C F4 78.18(5) 

F2 C - F3 73.34(5) 

F2 C F4 71 .97(5) 

F3 - C - F4 90.40(5) 

Fl - B - F2 110.8(2) 

Fl - B - F3 108.9(2) 

Fl - B - F4 108.9(2) 

F2 - B - F3 108.3(2) 

F2 - B - F4 109.9(2) 

F3 - B - F4 110.1(2) 



10 	(K 1 ) _thK(os) 

3.661 15.97 

3.593 14.62 

3.529 13.19 

3.473 11.98 

3.416 10.60 

3.288 8.02 

-thK(calc) 

16.01 

14.55 

13.17 

11.96 

10.73 
7•97 
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TABLE '/1 

nK vs. I for ClOjGeF5  and (SF3 ) 2  GeF6  

C1O GeF5 	 810  = 29.1(4) kcal 
 ASO = 90(1) caJJK 

x 10 	(K' _ZnK(o) 

3.562 7.09 

3.512 6.29 

3.464 5.57 

3.412 4.92 

3.355 . 	 3.93 

3.304 3.29 

3.262. 2.68 

-thK_(calc) 

7.05 

6.32 

5.61 

4.85 

4.02 

3.27 

2.65 

(SF)- GeF- 	 AHO = 42.9(6) kcal 
ASO = 125(2) cal/K 



Table VII. 	Lattice Enthalpies and Basic Radii 

SF3BF4  NOUF6  C1O2BF4  KBF4  (SF3 ) 2GeF6  

Uelec 	(kcal) 147.8 137.8 154.2 160.6 413.3 

Udd 	(kcal) 37.14 26.21 35.13 22.37 72.73 

Udq (kcal) 4.46 3.15 4.22 2.68 8.73 

Ur (kcal) 46.27 36.24 45.01 35.54 113.58 

U 	(kcal) 0.2 0.2 0.3 0.5 0.2 

UL 	(0 K, 	kcal) 142.9 130.7 148.2 149.7 381.0 

tH 	(298K, kcal) 144.1 131.6 149.4 149.9 382.8 

= 1.147 	NO = 1.262 r 	 = 1.150 	r K = Ct  1.193 r 	 = 1.170 

(for all calculations p = 0.333 = 1.066 g) 

SF3 : q, = 	.9442, q F =  .0186 

BF4 : q 	= 	.1420, q 	 = .2855 

UF6 : = 	.5846, q 	 = .2641 

C102  = 	1.083,.q0  = 	.0415 

GeF 
6  2

-
: q 	 = 	.3148, q = 	.3858 

F 0 	S ce B 	U Ge K 	NO 

c( 3 ) 	0.80 0.90 	1.20 1.20 0.05 	2.50 0.75 1.03 	1.00 

c(eV) 	49.57 58.53 	21.06 21.42 22.63 	15.00 14.34 28.63 	28.60 

43 



p = .345 p = .360 

SiF4  UF6  

17.84 31.59 

0.5 0.2 

12.62 22.13 

51.00 56.53 

SiF4  UF6  

19.60 34.69 

0.5 0.2 

14.38 25.23 

56.98 63.32 

1.053 	1.077 1.055 	1.079 

29 

-• Table-II-II. 	Lattjce Energy Calculations for 
SIF4 , UF5 , and 0s04  

SiF4 UF 6 0s04 

udd+udq (kcal) 16.62 29.37 27.64 

U (kcal) 0.5 0.2 0.5 

Ur (kcal) 11.40 19.91 18.63 

CF (eV) 46.90 52.24 - 

c (eV) - 
- 58.53 

rF (g) 1.053 1.079 - 

rF - - 1.144 

	

SiF4: q 	 = 	. 1710, q51  . = 	. 6840 • 	
3 

aF_ 0 . 80 

	

UF6: q 	 = 	. 2210, qU = 	1.3260 ) 

0s04 : q0  = 	.2915, q05  = 1.1660 	
} 	c = 0.90 

- 	
Si 	U 	Os 

c 3 ) 	1.20 	2.50 2.00 

C(eV) 	14.7 	15.0 15.3 
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+ 	2- Figure 3a. Ge Coordination Environment in (SF3)2GeF6 
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