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REVERSIBLE INTERCALATION OF GRAPHITE 

BY FLUORINE AND RELATED SYNTHETIC AND THERMODYNAMIC STUDIES 

Thomas Edward Mallouk 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 

University of California 
Berkeley, California 94720 

ABSTRACT 

The pentafluorogermanate salts of a variety of cations (CI02+, NO+, 

SF3+' N02+, and XeF 5+) were synthesized and characterized by x-ray 

crystallographic and vibrational methods. The pentafluorogermanate ion 

was found to exist in one monomeric and at least three polymeric 

modifications in its salts. Lattice energy calculations and vapor 

pressure/temperature measurements established the following gas phase 

fluoride ion affinities: GeF 4 , 100(6); BF3 , 92(6); AsF 5 , 115(7); XeF 5+, 

202(7); ClF2+, 223(7); SF 3+, 211(7); IF6+' 211(7) kcal mole-I. The 

electron affinities of the third row transition metal hexafluorides were 

likewise re-evaluated. 

+ - +-The new graphite bifluorides, C12 HF2 and C18 HF2 were prepared; 

their crystal structures establish that they are correctly formulated as 

graphite salts. Fluorination of graphite in the presence of HF produced 

these salts and the first-stage hydrofluorides C~l-a(HF)a (5 > x > 2, 

x/a ~ 12), which were studied by XPS, n.m.r., vibrational spectroscopy, 

and crystallographic methods. In these compounds, fluorine forms weak, 



xi 

semi-ionic bonds to the carbon atoms, which are disposed in virtually 

undistorted, planar sheets. For the range of composition in which 

CxF1-o(HF)o is an electrical conductor (x ~ 2.3), the fluorination was 

found to be electrochemically reversible. 
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CHAPTER I 

GENERAL INTRODUCTION AND EXPERIMENTAL PROCEDURES 

A. General Introduction 

This thesis is divided into four main chapters, the first three 

dealing with topics relating to molecular chemistry, and the last 

devoted to graphite chemistry. The unifying theme (hopefully one may be 

apparent to the reader) concerns the correlation of the fluoride ion and 

electron affinities of molecules with their ability to intercalate 

graphite, and the techniques which are used to evaluate those 

affinities. Chapter II discusses the synthesis and properties of 

pentafluorogermanate salts; it was found that quite a variety of cations 

can stabilize the GeF 5- ion in polymeric forms, while only large cations 

were found to favor the monomeric (D3h) form. The first and second 

fluoride affinities of GeF 4 were of interest, since it has been found 

that both GeF 5 
- and GeF 6

2- salts of graphite can be prepared l • Chapter 

III discusses the method used to determine these quantities. In Chapter 

IV this method is elaborated and applied to the determination of the gas 

phase fluoride ion and electron affinities of a number of molecular and 

ionic species. Some new graphite intercalation reactions are described 

in Chapter V; these involve molecules -(namely, Sif 4 and HF) whose 

fluoride ion affinities put them close to the thermodynamic threshold 

for graphite intercalation. This chapter also describes the compounds 

Cx!l-o(HF)o (2 < x < 5), which were prepared in an investigation of the 

graphite/HF/F2 system. The chemical and electrochemical reversibility 

of graphite fluorination are discussed. 

B. Apparatus 'and handling of materials 
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Since most of the compounds described in this thesis are 

hydrolytically and oxidatively unstable in moist air, and in many cases 

can also react with glass, they were manipulated almost exclusively on a 

metal vacuum line or in a nitrogen atmosphere dry-box. A description of 

the general techniques used in handling air-sensitive materials has been 

given by Shriver2• 

1. Vacuum lines 

The vacuum line used for synthetic work consisted of two parts: a 

low pressure part constructed from¥4 O.D. MOnel tubing, connected via 

stainless steel ferrules and Swagelok fittings to¥( stainless steel, 

Kel-F tipped Whitey (IKS4) valves,.and a high pressure part consisting 

of Autoclave Engineering 30VM6071 Monel valves and their companion 

connectors. The low pressure part, on which most of the work was done, 

had four outlet ports and was wrapped in heating tape so that it could 

be heated resistively to ca. 80°C. This facilitated the rapid removal 

of such compounds as EF, AsF 3 , and BrF 3• The pressure was monitored 

with an Acco Helicoid gauge (0 - 1500 torr) and a Hastings thermocouple 

gauge (0 - 500 microns Hg). The high pressure part of the vacuum line 

was attached to the low pressure part near the vacuum end and was also 

connected to a fluorine cylinder. It had two outlet ports and was 

fitted with a 0 - 500 psia Crosby pressure gauge. 

A good mechanical pump was connected to the vacuum line through a 

Pyrex cold trap.. The line could be pumped out directly or through a 

soda-lime tower, to dispose of F2 and other corrosive materials. 

Pressures of 10 to 30 microns were readily attained. Passivation of the 

vacuum line and reaction vessels was accomplished by exposing them to 

1 - 2 atm ClF 3 or F2 pressure for several hours. 
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2. Reaction and storage vessels 

Reaction vessels generally consisted of 3/8" O.D. teflon FEP or 

fused silica tubes sealed at one end and attached with Swagelok 

compression fittings to a stainless steel Whitey valve. The use of 

teflon ferrules provided a vacuum-tight seal. For reactions which 

required pressures in excess of two atmospheres a miniature pressure 

bomb was made by drilling out a 3 inch length of 3/8" stainless steel 

rod; in this case metal ferrules were substituted. Larger stainless 

steel or Monel bombs were used for large-scale preparations. Well 

paSSivated Monel and stainless steel bulbs and cans were used for the 

storage of gaseous reagents such as F2 , GeF4 , ClOZF, N0iF, SF4 , and 

ONF. Those with lower vapor pressures (IF 5' XeF 6' HE', BrF 3' and the 

like) were stored in Kel-F tubes fitted with Whitey valves. Reaction 

vessels were checked for leaks with a CEC24-120B helium mass spectro­

meter leak detector (Consolidated Electrodynamics, Monrovia, Ca.). 

3. Glove boxes 

Involatile solids and liquids were handled in the nitrogen 

atmosphere of a Vacuum Atmospheres Corp. Dri-Lab (North Hollywood, 

Ca.). The atmosphere therein was kept dry and free of oxygen by 

circulation through drying trains which were regenerated frequently. 

C. Characterization of materials 

1. X-ray powder photography 

Debye-Scherrer photographs were taken with a General Electric 

Precision powder camera (45 cm. circumference), using Ni-filtered Cu 

radiation, and occasionally Zr-filtered Mo radiation. Thin walled, 0.5 

mm. diameter quartz capillaries (Charles Supper Co., Natick, Mass.) were 

typically loaded with powdered samples inside the Dri-Lab, plugged with 
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Kel-F grease, and then sealed off outside the Dri-Lab with a .. 

microtorch. Some solids were too unstable to permit such handling, and 

were prepared directly in quartz x-ray capillaries which had been blown 

onto quartz tubing and so fitted to the vacuum line. For powder 

patterns which were to be taken in the presence of liquid EF, quartz 

capillaries were not suitable, and teflon-FEP capillary tubing was made 

by drawing down a 3/8" tube and sealing at the narrow end. Such a 

capillary produced a background diffraction pattern (from the hexagonal, 

two dimensional unit cell of oriented teflon-FEP), but the capillary 

wall was thin enough to allow diffraction from the enclosed powder when 

ei ther Mo" or Cu radiation was used. X-ray films were measure,d on a 

Norelco device. A Dobson-type microdensitometer3 was used with some 

samples to determine the relative intensity of the diffraction lines. 

2. X-ray powder diffraction 

X-ray diffractometer tracings of oriented samples and powders were 

obtained from a Phillips-Norelco powder diffractometer, using 

monochromatized CuKa radiation. The holder for diffractometer samples 

has been described elsewhere4; it consists of a 3/8" diameter circular 

Monel holder covered with a thin (.025 mm) Kapton sheet, which is 

transparent to CuKa radiation. The holder is made air-tight with a 

metal ferrule which presses the Kapton against Viton O-rings. The 

samples (usually freshly cleaved, intercalated HOPG chips) were mounted 

in the holder between the Kapton film and a 1mm. thick teflon disk, 

which prevented diffaction from the sample holder. 

3. Raman spectroscopy 

Raman spectra were recorded from a J-Y Ramanor HG.2S spectrometer 

with a double holographic grating monochrometer, using a krypton (647.1 
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am) or argon ion (514.5 or 488.0 am) laser as the excitation source. 

The samples were generally ·held in quartz x-ray capillaries or in¥( 

diameter teflon FEP tubing. For low temperature studies, the sample 

could be held in a stream of cold nitrogen, jacketed by warm nitrogen 

(to prevent ice condensation), and maintained at a temperature of 0 to 

-140°C. For colored or extremely volatile solids this measure prevented 

the sample from decomposing or subliming out of the beam. 

4. Infrared spectroscopy 

Infrared spectra were recorded on a Perkin Elmer 597 Grating 

Spectrophotometer. For gases, a Monel cell (8 em path length) fitted 

with AgCI windows (Harshaw Chemical Co., Solon Ohio) was used; for 

solids, a Kel-F cell, which pressed the powdered solid between two AgCI 

disks, was used. The edges of the disks were smeared with Kel-F grease 

to provide a temporary seal against atmospheric moisture. 

5. Single crystal x-ray diffraction 

X-ray precession photographs were routinely taken on an Enraf­

Nonius (Delft, Holland) camera, using Zr filtered Mo radiation and a 

Polaroid XR-7 film cassette. Intensity data collection for single 

crystals was carried out on an Enraf-Nonius CAD-4 four-circle automatic 

diffractometer, which used monochromatized MoKa radiation and was 

interfaced through a PDP 8/a minicomputer to a DEC PDP 11/60. The 

solution of the structures was carried out at the U.C. Berkeley CHEXRAY 

facility using locally modified software (Structure Determination 

Package, B.A. Frenz and Associates, Inc., College Station, Texas, and 

Enraf-Nonius, Delft, Holland). 

6. Chemical analysis 

Carbon analyses were carried out by the Microanalytical Laboratory, 
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College of Chemistry, U. C. Berkeley. Analyses for carbon, fluorine, 

nitrogen, germanium, tin, and oxygen were done by Galbraith Analytical 

Labs (Knoxville, Tenn.). Hydrogen analysis for graphite fluoride and 

hydro fluoride salts was accomplished by pyrolyzing an appropriate 

quantity of the compound (usually ..... 100 mg) for one hour in a stainless 

steel vessel at 950 - 1000°C. The off-gases from the pyrolysis (carbon 

fluorides and HF) were passed through a cold trap containing a known 

amount.of O.lF standard KOH solution. The solution was allowed to warm 

up to room temperature and was back-titrated with standard (.025F) HCI 

solution, the end-point being determined potentiometrically. Duplicate 

analyses were in agreement within about 10%, the error probably arising 

from incomplete trapping of the HF or from "background" hydrogen (as 

water or HF) in the apparatus. 
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CHAPTER II 

SYNTHESIS, STRUCTURE, AND VIBRATIONAL ANALYSIS OF 

PENTAFLUOROGERMANATE SALTS 

A. Introduction 

The GeF S- ion is stabilized by a wide variety of cations, including 

some of high electron affinityl-4. While the first pentafluorogermanate 

salt was reported1 in 1967, to date no structural data on these 

compounds have appeared in the literature. Vibrational analyses 1 ,3,4 

have indicated that the GeF S- ion may be either monomeric or polymeric 

in form. 

The GeF S- ion is of interest for a number of reasons. First, it 

has been reportedS that the hexafluorogermanate salt of graphite loses 

fluorine via the equilibruim: 

This equilibrium represents a delicate balance between the first 

and second fluoride ion affinities of GeF 4 , the work function of the 

intercalated graphite, and the lattice energies of the graphite salts; 

hence a prime concern was the determination of the GeF 4 fluoride ion 

affinities (see Chapter III). Second, the apparent polymorphism of 

GeF S-' and its instability with respect to GeF 4 and GeF 6
2- in most 

simple salts, sugge~ted that it might undergo the equilibrium: 

- - 2-GeF S + F = GeF 6 

in its salts and hence conduct F- in the solid state. Although no 

. evidence for F- conduction was found, the polymorphism of the GeF S- ion 

in the solid state was established. 

When considering which salts of GeF S- will be stable with respect 
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to GeF 4 and the corresponding GeF 6
2- salts, it is helpful to think in 

terms of a simple Born-Haber cycle for the·disproportionation: 

2A+GeF S-(S) 

~ 2UL(1) 

+ A+2GeF 6
2-(s) + GeF 4(g) 

t UL (2) 

Here A+ is a cation, such as K+, NO+, SF3+' etc., which forms an 

(A+)2GeF62-. salt, FA(2)-FA(1) is the difference between the second and 

first fluoride ion affinities of GeF 4, and UL(l) and UL(2) are the 

lattice energies of the 1:1 and 2:1 salts. The FA(2)-FA(1) term will 

vary slightly since GeF S- has several isomers in the solid state, but 

the driving force for the reaction will come mainly from the difference 

between the two lattice energies. A rough estimate of these energies 

based on Kapustinskii's formula6 gives approximately 130 kcal mole-1 for 

UL(l) and 390 kcal mole-1 for UL(2), for A+ and GeFx
n- thermochemical 

radii of 1.6 and 2.4 A, respectively. These lattice energies will tend 

to increase in the same proportion as the radius of A+ is decreased, and 

hence it is clear that smaller cations will tend to favor the 

disproportionation. Large cations, however, will not form stable GeF S-

salts if UL(l) is not sufficiently great or if too much energy is 

required for the step: 

AF(standard state) = A+(g) + F-(g) 

The molecular fluorides N02F, SF4' CIF3 , CI02F ; IF7' and ONF seemed 

to be excellent candidates for the production of GeF S- salts, by virture 

of both their size and their fluoride ion donor ability. All of these 

compounds have been reported to form salts (or at least solid adducts) 
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with BF3 and AsF 5 ; the fluoride ion acceptor strengths of AsF5 and BF3 

are close (see Chapter IV) to· that of GeF 4. 

B. Experimental 

1. Reagents 

GeF 4 was prepared by reacting either Ge metal powder (Alfa 

Inorganics, 325 mesh, 99.999%) or Ge02 (Alfa, 99.995%) with excess 

fluorine in a Monel bomb at 250°C for 16 hours. The use of germanium 

dioxide was preferred since the interaction of fluorine with finely 

divided metal powders can present a safety hazard. 

XeF6 was made by heating a F2/Xe mixture (10/1 mole ratio) at 300°C 

in a well-passivated Monel bomb for 24 hours. The small quantities of 

XeF4 and XeOF4 al~o produced were removed by condensing the crude 

product onto an excess of dry NaF in a fluorinated Monel can, thereby 

forming NaF/XeF 6 complexes7• This mixture was heated in a dynamic 

vacuum at 50°C to remove the impurities, and XeF 6 was liberated by 

heating the remaining salt, Na2XeFS' to 100-150°C. 

Cl02F was preparedS by condensing ClF 3 onto a twofold excess of 

KCl03 in a Monel can. The reaction went to completion in one day, and 

Cl02F, the only volatile product, was purified by trap-to-trap 

distillation. 

SF4 was obtained from Matheson gas products. Since this commercial 

product contains a substantial SOF 2 impurity it was purified by 

reaction9 with BF3 to form the salt SF3+BF4-. The SOF2 and excess BF3 

were pumped away at O°C, and the salt was sublimed onto CH3CN (which had 

been distilled from P205). Gentle warming of the CH3CN/SF3BF4 mixture 

produced SF4 , free of infrared-active impurities. 

N02F was prepared by reacting NaN02 and F 2 in a Monel can at room 



11 

temperature10 , and separated from the N204 produced in the reaction by 

trap-to-trap distillation. 

IF7 was made from KI and excess F2 in a passivated Monel bomb at 

200°C. It was found that the product could be prepared free of IOF 5 if 

the KI was dried in vacuo at 300°C, and if the bomb had been previously 

passivated with a crude IF 7/IOF 5 mixture at 200°C. 

ONF was prepared by literature methods 11 • IF 5' S02' and ClF 3 were 

supplied by Matheson gas products and used without further 

purification. HF, supplied by Matheson, was stored over K2NiF6 to 

remove traces of water. 

2. ONF /GeF 4 

Interaction of ONF with GeF 4 at room temperature produces the 

poorly crystalline salt (NO+)2GeF62-, which is identified by its 

vibrational spectra4 (figure 11-1). The observed frequencies and Raman-

i.r. selection rules are quite close to those previously observed for 

the GeF 6
2- ion, although the V2(Eg) mode is broadened in the Raman, 

indicating a slight departure from octahedral symmetry. The assignments 

for the vibrations of (NO+)2GeF62- are given in Table II-I. 

The 1/1 salt NO+GeF 5- has been reported13 , but attempts to prepare 

it by the literature method (from Ge metal, anhydrous HF, and N02) 

yielded only (NO+)2GeF62-. When (NO+)2GeF62- was sublimed (at 220°C) in 

the presence of excess GeF 4 , a white, involatile solid was produced 

+ -which was found from vibrational spectra to be NO GeF 5 • This salt was 

obtained, although the vibrational spectra were slightly different, when 

(NO+)2GeF62- was allowed to interact with excess GeF4 in the presence of 

liquid IF 5 , HF, or S02. The use of S02 at -20°C gave the cleanest 

'product, which was also nicely microcrystalline. Figure 11-2 shows the 
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Raman and infrared spectra of NO+GeF 5-, (a) prepared by subliming 

(NO)2GeF6 in the presence of GeF 4 , and (b) prepared in S02 solution. A 

Debye-Scherrer photograph of the NO+GeF 5- powder was taken and the low 

angle lines were tentatively indexed to an orthorhombic unit cell, a = 

10.82(1), b = 9.77(1), c = 8.89(1) A, V = 940(2) A3, Z = 8. The - -. 
observed and calculated l/d2 values for NO+GeF5- are given in Table 

11...;2. 

Interaction of SF4 and GeF4 in any proportions invariably produced 

+ I 2' the 2:1 salt (SF 3 )2GeF6 -. It was found, however, that GeF 4 would 

displace BF3 from SF3+BF4- to yield the 1:1 compound SF3+GeF 5-. The 

. latter is unstable with respect to disproportionation to (SF3)2GeF6 and 

GeF 4 at room temperature, except under liquid (i.e., ,several atmospheres 

) + -of GeF 4 , when SF3 GeF 5 can be stabilized. In a typical preparation, 

.35 mmol SF 3BF4 was prepared9 by interaction of equimolar quantities of 

SF4 and BF3 in FEP tubes. The compound was transferred by sublimation 

into a short¥4 O.D. quartz tube, the lower end of which had been sealed 

onto a 0.7mm dia. quartz x-ray capillary. GeF 4 (.50 mmo1) was condensed 

into the reactor and after one minute at 10°C the BF3 liberated was 

pumped off at -126°C (methy1cyclohexane slush). After two such 

treatments with GeF 4 , the powder was tapped down into the capillary, 

excess GeF 4 condensed upon it, and the capillary sealed off. The x-ray 

powder pattern of this mate'rial (Table 11-3) was indexed to an 

orthorhombic cell,.!,.= 11.66(2),'£"= 7.69(1),.£.= 6.36A, V = 569(1) A3 , 

Z = 4 (conSistent with Zachariasen's criterion14 of 18 A3 per fluorine 

atom). The Raman spectrum of this material (figure 11-3) confirmed its 

+ -formulation as SF3 GeF 5 • 
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N02F reacted with an equimolar amount of GeF 4 at room temperature 

to produce a colorless, involatile solid which was identified as 

N02+GeF 5- from its Raman (figure 11-3) and infrared (figure 11-4) 

spectra. The powder pattern of this compound was recorded, but not 

indexed, and the 1/d2 values and relative intensities are listed in 

Table 11-4. 

5. XeF 6/GeF 4 

The XeF 6 - GeF 4 system has been investigated by Pullen and Cady1, 

who reported the compounds 4XeF 6· GeF 4' 2XeF 6· GeF 4' and XeF 6· GeF 4 • It 

seemed that likely formulations for these compounds were, respectively, 

it was hoped that the latter compound would yield crystals of suitable 

quality for an x-ray structure. 

XeF 6 (.653 mmol) was combined with GeF 4 (.878 mmol) at 50°C for 20 

minutes in a FEP ij-tube which was then pumped out briefly at room 

temperature. The residual weight indicated the 1:1 compound XeF 6 ·GeF 4 

(.636 mmol). A Debye-Scherrer photograph obtained provided d-spacings 

in agreement with those previously reported1• The Raman and infrared 

spectra of this material, which could be formulated as the salt 

XeF 5+GeF 5-, were recorded from the powder and are shown in figures 11-3 

and 11-4, respectively. 

6. XeF 5 +GeF 5- crystal structure 

Colorless crystals of XeF 5+GeFS- were formed upon sublimation of 

the microcrystalline solid at 40 - 50°C in 0.7 mm dia. quartz x-ray 

capillaries. These had been sealed under an atmosphere of nitrogen. 

Precession photographs indicated a primitive orthorhombic cell, space 
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group Puma or Pna21 • 

A crystal was mounted on an Enraf-Nonius CAD-4 four circle 

diffractometer, and accurate cell dimensions were obtained by a least­

squares fit to three sets of eight symmetry-equivalent reflections with 

29 between 25 and 29°. The cell dimensions and data collection 

parameters are summarized in Table 11-5. 

The structure was solved by heavy-atom methods15 at the U.C. 

Berkeley CHEXRAY facility using fu1l-matrix least-squares refinement 

procedures detailed elsewhere17• Systematically absent reflections were 

eliminated from the data set and those remaining were corrected for 

absorption by means of the calculated absorption coefficient. A three 

dimensional Patterson synthesis gave peaks which were consistent with Xe. 

atoms in Wyckoff position 4.,£. and Ge atoms in 4~ in space group Pnmb (see 

puma, no. 62). Three cycles of least-squares refinement for Xe and Ge 

with isotropic thermal parameters fqllowed by a difference-Fourier 

synthesis gave the locations of the fluorine atoms (four in 4.,£., three in 

8d). Three more cycles of isotropic least-squares refinement resulted 

an an R-factor of 0.110, indicating that the centric space group was 

probably the correct choice. Symmetry-equivalent reflections were 

averaged and the refinement continued with the inclusion of anisotropic 

thermal parameters and an extinction coefficient18 • This led to final 

convergence with a weighted R factor of 0.018, unweighted R = 0.021, 

standard deviation of an observation of unit weight = 0.725 for 65 

parameters and 437 independent data. A final difference Fourier showed 

no peaks with intensity greater than 0.33 e/A3. The observed and 

calculated structure factors for the XeF 5GeF 5 structure are listed in 

Table 11-6. 
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The positional and thermal parameters for atoms in the XeF 5GeF 5 

structure are listed in Table 11-7. 

C102F and GeF 4 condensed in equimo1ar proportions in a FEP tube 

produced a pale-yellow solid, which had a vapor pressure of 

approximately 130 torr at room temperature and so was readily 

sublimable. The Raman (figure 11-3) and infrared spectra (figure 11-4) 

+ -of the sublimed powder identified it as the salt C102 GeF S • 

8. C102GeF S crystal structure 

Yellow crystals were obtained by sublimation at 30-3So in closed 

O.S mm diameter quartz capillaries under an atmosphere of nitrogen. The 

ready sublimation of these crystals required that the collection of data 

be at low temperature; an apparatus was constructed for the CAD-4 which 

provided a stream of dry nitrogen to maintain the crystal at -105 ± 10° 

iri all orientations. Apart from this modification the structure 

solution proceeded as for XeF SGeF 5 , except that loss of the crystal 

immediately after the data collection made it impossible to correct the 

data for absorption. 

Refinement of intensity data for C102GeF S in space group C2221 led 

to convergence with a weighted R factor = 0.068, unweighted R = 0.059, 

std. dev. obs. unit wt. = 3.938. The largest peak on a final difference 

Fourier map was .285 e/A3. Observed and calculated structure factors 

for C102GeF 5 are listed in Table 11-8, and positional and thermal 

parameters in table 11-9. 

9. IF]./GeF 4 

The interaction of equimo1ar quantities of IF7 and GeF 4 in quartz 

tubing at 20°C gave no solid product. If the temperature was lowered to 
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10°, the solution became turbid and a few colorless crystals were 

precipitated; these quickly evaporated if the GeF4/rF7 solution was 

pumped away. 

No solid product was formed from ClF 3 and GeF 4 , which were 

condensed together into a FEP tube and allowed to warm up to O°C. 

11. + -(n-C4H9) 4N GeF 5-

This compound was prepared according to the literature method2 ; its 

Raman and infrared spectra are shown in figure II"':S. 

C. Results and discussion 

1. XeF S+GeF S - structure 

A stereo view of the XeFS+GeF S- structure is shown in figure lI­

S. The structure consists of .infinite chains of GeF 6 octahedra which 

share trans vertices, each XeF S+ cation having close contacts (2.7S -

2.76 A) to four fluorine atoms of two neighboring F-bridged GeF 6 groups 

in the chain. The coordination of the xenon atom is nearly a capped 

square antiprism of C4v symmetry. The bridging (and probably least 

negatively charged) fluorine atoms in the chain are apparently screened 

from interaction with the xenon atom by the non-bonding valence-electron 

pair of the latter, and so are bent away from the xenon atom. The 

coordination around each Ge atom is essentially an elongated octahedron 

of fluorine atoms, with cis F-Ge-F angles within the non-bridging 

fluorine GeF 4 set being 87.9° and 92.1°. The angle between this 

approximately square set and the bridging fluorine atoms is a right 

angle within one standard deviation. All Ge-F distances within the 

square.plane are equal at 1.74S(2) A, and the Ge-bridgi~g F distance is 

1.890(1). This difference in length of bridging and non-bridging M-F 
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bonds of O.lS A is similar to that observed in the transition and post-

transition element pentaf1uorides, which, with the exception of PFs and 

AsF S ' also adopt fluorine-bridging structures. If we consider that 

1.7S A represents a Ge-F single bond and use Pauling's19 formula for 

fractional bond order: 

D(n) - D(l) = -0.60 log(n) 

we find that the bond order for the Ge-F bridging bonds is 0.S7; they 

are in effect half bonds. This is easily seen from a simple molecular 

orbital picture for the Ge-F-Ge fragment, which is a three-center, two 

electron system, like the B-H-B fragment in diborane. 

Interactions between the infinite chains are limited to F-F van der 

Waals' contacts ranging from 2.99 A (FI-F4) to 3.26 A (F2-F4). Table 

11-10 gives selected bond lengths and angles for XeFSGeFS• 

2. CI02+GeF S- structure 

Figure 11-6 shows a stereo view of the CI02GeF S structure. Here 

the infinite chains are formed from approximately octahedral GeF 6 units 

which share cis vertices; the chain is actually an extended helix with 

all the germanium atoms of a given chain nearly coplanar. The shortest 

Ge-F bonds (1.73 - 1.74 A) are cis to the bridging fluorine atoms but 

those trans are only slightly longer (1.77 -1.78 A). The Ge-bridging F 

distances are the same within one standard deviation (1.887(1)). The 

anion chains are linked together by close contacts (2.S4 and 2.63 A) of 

the chlorine atoms to the fluorine atoms trans to the Ge-F-Ge bridges. 

There are two crystallographica11y distinguishable chlorine atoms in the 

structure, but each lies on a twofold rotation axis. The coordination 

of each is shown in figure 11-7. The closest cation-to-anion contacts 

(C~l-Fl and C~2-F4) are made on the faces of the triangle defined by the 
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two oxygen atoms and the chlorine atom. Presumably the non-bonding 

electron pair is in the plane of the triangle and exo to it at the Cl 

apex. The screening of the cation charge by the Cl non-bonding electron 

pair is the probable cause of the long CI to F contacts in the plane of 

the CI02 triangle compared with the Cl to F contacts along axes roughly 

perpendicular to that plane. One may compare the behavior of the CIF 2+ 

ion; as Lynton and Passmore point out in their discussion of the 

CIF 2+AsF 6- structure20 (and this view is supported by ab-initio 

calculations21 for the freeCIF 2+ ion), the CIF 2+ ion is a slightly 

distorted CIF 2E2 tetrahedron. In the CIF 2+AsF 6- and CIF 2+SbF6-

structures22 the closest anion-to-chlorine contacts are made on the FE2 

faces of the tetrahedron, giving a distorted square planar arrangement 

of fluorine around the chlorine atom. 

A sUmmary of internuclear" distances and angles for CI02+GeF S- is 

given in Table II-II. 

3. Vibrational analysis of salts containing the GeF S- ion 

The Raman and infrared spectra of NOGeF S are shown in figure 11-

2. Those of XeF SGeF S' Cl02GeF S' N02GeF S' and SF 3GeF S appear in figures 

11-3 and 11-4. 

i) XeF 5 +GeF ~ 

Assignments for the normal modes of vibration of the XeF S+ ion in 

XeFS+GeFS- are given in Table 11-12. In polarized Raman spectra 

recorded from a single crystal, the cation stretching bands which 

transform as Ag in the point group of the crystal (D2h) are most intense 

for the Ivv polarization. The correlation D2h + Cs + C4v shows that 

these are the AI' B2 , and E modes of the approximately C4v XeF S+ ion; 

hence the bands at 669, 622, and 602 cm-1 are attributed to the v1(A1), 
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V4(B2), and V2(AI ) modes, respectively. The other Raman and infrared 

bands are assigned by analogy to published spectra of XeF 5+ salts23 • 

The assignments are made according to the approximate C4v symmetry of 

the ion, but since its crystallographic symmetry is Cs ' we expect that 

the degeneracy of the E modes will be lifted. 

Since the germanium atoms in XeF 5GeF 5 lie on crystallographic 

. inversion centers, the Raman and infrared spectra are mutually exclusive 

for the (GeF5)nn- ion. To simplify the vibrational analysis of this 

ion, its normal modes of vibration are decomposed into those of two sets 

of atoms with transform separately in the point group of the crystal 

(D2h); that is, the square plane of germanium and terminal fluorine 

atoms is considered separately from the chain of germanium and bridging 

fluorine atoms. The GeF 4 square plane has approximately D4h symmetry, 

and so has seven normal modes, of which three are stretching 

vibrations: VI(AIg), V4(B2g), and v7(Eu). The vI vibration should be 

the most intense, but since a Ge-F bond is less easily polarized than an 

Xe-F bond, its intensity in the Raman will be rather low. Thus vI is 

assigned to the band at 654 cm- I • The v4 stretch is not as easily 

assigned, but by comparison with the same type of vibrationI2 in GeF 6
2-, 

it is probably seen in the weak band at 463 cm- I , and for the same 

reason the doublet at 339, 331 cm-I is attributed to the deformational 

modes of the square plane. The v7 stretch, observable only in the 

. infrared, is found at 700 cm-I • The other vibrations of the square 

plane, also infrared-active, are of a frequency too low « 300 cm- I ) to 

be observed. 

The remaining bands must arise, therefore, from vibrations of the 

infinite chains. In the 500-600 cm- I region, the observed infrared (600 
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and SOO cm-1) and Raman (S18 and S26 cm-1) bands are attributed to chain 

stretching modes. Chain-square plane deformational (381 cm-1) and 

torsional-rotational modes (184, 124 cm-1) are also seen in the Raman. 

+ -ii) CI02 GeF~ 

The cation and anion bands for CI02+GeFS- are shown in Table 11-

13. The frequencies observed for CI02+ correspond quite well to those 

which have previously appeared in the literature24 • 

Because the anion in CI02+GeFS- consists of infinite chains of 

octahedra which share cis-vertices, its symmetry is lower than that of 

the trans-bridged anion found in XeFS+GeFS-' and the i.r. - Raman 

selection rules are not very restrictive. If one considers the group 

formed by the germanium and four non-bridging fluorine atoms, it 

approaches C2v symmetry with four stretching modes which transform as 

2A1 + B1 + B2, all active in both infrared and Raman. Those of type Al 

are primarily observable in the Raman, while those of types B1 and B2 

will be most intense in the infrared. Therefore the i.r. bands at 69S 

and 6S0 cm-1 are assigned to the B1 and B2 vibrations, and the most 

intense Raman band (6S7 cm-1) to the in-phase symmetric stretch (AI) of 

the GeF 4 group. The bands between SOO and 600 cm-1 may then be 

attributed to the stretching modes of the chain. By analogy to the 

vibrational frequencies of the trans-bridged (GeFS)nn- ion in 

XeFS+GeFS-' the 39S, 339 cm-1 band is assigned to a deformation of the 

angle between the GeF 4 group and the bridging fluorines; the bands 

between 290 and 337 cm-1 are attributed to deformations of the GeF 4 

group, and the lower frequency bands (133 to_232 cm-1) to torsional and 

rotational motions of the infinite chains. 

4 +-The published spectra of 02 GeF S show a great deal of similarity 
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to those of CI02+GeF 5-, and it is therefore probable that the anion has 

nearly the same structure in both compounds. 

iii) NO+GeF s: 
The vibrational assignments for NO+GeF 5- are also given in Table 

11-13. 

that of 

The striking similarity of the Raman spectrum of 02+GeF5- with 

+ -NO GeF 5 prepared thermally from (NO)2GeF6 and GeF 4 indicates 

that the structure of the anion is very nearly the same in both, and 

that the two compounds may in fact be isostructural. Unfortunately, no 

+ -x-ray powder data has been reported for 02 GeF 5 • 

) . + - + -i v N02 GeF 5 ' SF 3 GeF L 

The vibrational spectra and assignments for these two salts are 

given in Table 11-14. Both compounds show Raman bands in the chain 

stretching region (507, 583 cm-1 in SF3+GeF 5- and 501, 606 cm-1 in 

+ -) ( ) n-N02 GeF 5 ,indicating polymeric, cis-bridged GeF 5 n. ions. The Raman 

spectra are quite similar to each other -- both compounds have a 

vibration of medium intensity near 500 cm-1 and a particularly simple 

bending region with only one strong band at 355 em-I. It seems safe to 

conclude, therefore, that the anions are structurally similar, and yet 

different from (GeF 5)nn- in CI02+GeF 5-, wherein the infinite chains of 

bridged octahedra form an extended helix with the Ge atoms nearly 

coplanar. The anion in NF 4+GeF 5-, because its vibrational spectra3 are 

very like tho~e of N02+GeF 5-, is probably of the same structural type. 

v.) (n-C4Hg)4N+GeF~ 

The Raman and infrared spectra of the tetrabutylammonium salt, 

first prepared by Wharf and Onyszchuk2 , are shown in figure 11-8. The 

vibrations of the anion may be readily assigned on the basis of D3h 

symmetry, from selection rules and by comparison to other MX5 species. 
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The v7 band (i.r. and Raman active) which we expect to find near 100 

cm-1 , is obscured by a band of the tetrabutylammonium ion at 117 cm-1• 

In measuring the intensity of this band relative to the tetrabutyl­

ammonium band at 260 cm-1 in this compound and in (n-Bu)4N+Br-, we find 

that its intensity is enhanced in the GeF S- salt. It seems therefore 

that the v7 vibration of GeF S- should be located near 117 cm-1• The 

- ( ) + -vibrational assignments for GeF S in n-Bu 4N GeF S are shown in Table 

II-IS, and the assignments for other MXS- species are tabulated for 

comparison. 

vi) Comparison of the cis and trans bridging structures 

Evidently the choice·of cis versus trans bridging for polymerized 

GeF S- is one of energetic subtlety. Jolly ~aI2S, in their analysis of 

the structure of liquid SbFS ' argue that the cis form may be favored on 

electronic grounds because there one has three orthogonal sets of short 

bonds. This effect seems to be important when d-orbitals are involved 

in the bonding since most .of the known tetrameric or polymeric 

transition metal pentafluorides associate via cis bridges. The trans 

form, nevertheless, can be stabilized by steric factors: each fluorine 

atoms in the square plane has only two close-neighbor fluorine atoms. 

For main group elements, the difference in energy between the cis and 

trans forms appears to be smaller, and indeed both bridging modes have 

been found in the same compound26 (in SrAlFS). The favored coordination 

geometry of the cation appears to be the deciding factor for the GeF S-

salts: the CI02+ ion could not coordinate effectively to the non-

bridging fluorines of a trans-bridged chain, since it prefers a 

coordination angle (F-CI-F) near 180°. Stich an arrangement would bring 

the chlorine atom nearer to the bridging (most positively charged) 
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fluorine atoms than .to the non-bridging fluorine atoms. Larger, more 

non-symmetric (in their coordination geometries) cations, such as XeF 5+, 

coordinate more effectively to the trans-bridged chain. When the cation 

is extremely large (e.g, tetra n-butylammonium, which has a radius of 

approximately 4.1 A), it cannot pack effectively around an oligomeric or 

polymeric anion, and so the monomeric (D3h) form is favored; probably 

only two large cations can fit around a single anion chain, and the 

maximum extension of the F-Ge-F-Ge-F unit in the trans- bridging chain 

is 7.6 A. 

The bridging angle (Ge-F-Ge) is 141 0 in XeF 5GeF 5 and 143 to 1480 in 

CI02GeF 5. 'For transition metal MF 5 species the bridging angle is 

apparently determined by both the size and by the nuclear charge of the 

metal atom. The pentafluorides27 ,28,29 of Nb, Ta, Mo, and W form cis-

bridged tetramers in the solid state in wich the M-F-M bridging angle is 

1800 and the fluorine atoms form a distorted cubic close-packed array. 

While covalent M-F bonding would favor a more acute bridging angle, the 

linear bridges may be stabilized by overlap of the fluorine 2px,y 

orbitals with the empty metal dxz,dyz set. As the nuclear charge of the 

metal atom is increased the d-orbitals are contracted and the linear 

M-F-M geometry is destabilized relative to one which is bent slightly 

(ca. 1500 in TcF 5
30 and ReF 5

31 ) to preserve some metal d - fluorine p 

overlap. In the pentafluorides30 ,32,33 of Ru, Rh, Os, Ir, and Pt the 

contracted d-orbitals are no longer effective in this mode of bonding 

and the bridging angle decreases to ca. 1350
; the fluorine atom array is 

then only slightly distorted away from hexagonal close packing32 • The 

acuteness of the bridging angle is limited to about 1300 by the steric 

repulsion of the non-bridging fluorine atoms of the vertex-sharing 
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octahedra. 

In the case of post-transition metal pentafluorides and 

pentafluorometallate salts, the M-F-M bridging angle is likely to be 

determined by the most efficient packing arrangement, and so may range 

from about 130° to 180°; and both of these extremes are nearly attained 

in the case of the SbF5 structure34• 

Summary 

GeF 5- salts of several cations (OZ +, NF 4+' CIOZ +, NOZ +, SF 3+' NO+) 

are found to adopt structures in which the anions polymerize in the form 

of cis-vertex sharing octahedra. The trans-bridging form is found only 

+ - -in XeF 5 GeF 5 • Monomeric GeF5 .is found in salts of very large cations, 

such as tetra n-alkylammonium. These structural forms are readily 

distinguished by their vibrational spectra. 

• 
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Table II-I. 
+ 2-

Vibrational Assignments for (NO )2GeF6 

IR 
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-1 
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Table II-2. + 
X-ray powder data for NO GeF

5 
prepared ~n S02 solution. 

intensity 
2 

lid (obs.) 
2 

lid (calc.) hk1 

• 
w .0217 .0211 101 

vs .0314 .0316 111 

m .0346 .0341 200 

m .0412 .0418 020 

s, broad .0454 .0446 210 

w, broad .0567 .0573 211 

w, broad .0763 .0760 220 

" vvs .0872 .0874 310 

m .1032 .1027 130 

m .1139 .1138 003 

vw .1259 .1266 222 

w .1495 .1494 401 

m .1560 .1557 023 

s = strong, m = medium, w = weak, v = very. 

Orthorhombic, a = 10.815, b = 9.773, c = 8.891. 
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+ -
Table 11-3. X-ray powder data £br SF 3 GeF 5 . 

intensity 
2 lid (obs.) 

2 
lid (calc.) hkl 

s .0167 .0170 010 
vw .0219 SF3BF4 
w .0245 .0244 110 
s .0416 .0418 011 
s .0465 .0468 210 
s .0669 .0671 300 
s .0703 .0717 211 
s .0761 .0755 120 
m .0850 SF3BF4 
m .0912 .0919 30,J. 
w .1095 .1090 311 
m .1167 .1163 012 
m, broad .1281 .1292 202 
m .1417 .1442 401 
w .1516 .1530 030 
vw .1589 .1600 321 
w .1662 .1665 302 
w .1788 .1779 031 
w, broad .1889 .1874 420 
w, broad .2115 .2113 501 
w .2275 .2284 511 
w .2360 .2357 412 
m .2694 .2686 600 
w .2828 .2823 232 
m .3051 .3044 141 
w .3121 .3104 611 
w .3190 .3196 332 
w .3348 .3366 620 
w .3451 .3429 403 
w .3655 .3656 700 
w .3747 .3766 033 
m .3978 .3974 004 
w .4176 .4164 441 

Orthorhombic, a = 11.576, b = 7.667, c = 6.345. 
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+ 
Table 11-4. X-ray powder data for N02 GeF

5 

intensity intensity 

m .0168 m 

vw .0223 ms 

w .0261 w 

w .0283 w 

vs .0335 m 

m .0383 w 

vvw .0430 w 

m .0486 m 

s .0627 vw 

w .0683 vw 

w .0736 vw 

vw .0767 mw 

vw .0813 m 

s = strong, m = medium, w = weak, v = very. 

2 lid Cobs.) 

.0923 

.0969 

.1032 

.1085 

.1225 

.1225 

.1323 

.1529 

.1670 

.1769 

.1817 

.2175 

.2241 
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Table II-5. + Crystallographic data for XeF
5 

GeF
5 

+ -
and CI02 GeF 5 . 

crystal dimensions: 

space group: 

cell dimensions(~): 

radiation: 

28 range: 

hki range: 

background: 

scan rate: 

absorption coefficient(~): 

transmission: 

orientation and 
intensity standards: 

reflections measured: 

.15x .14 x .10 mm 

Pmnb, non std. setting 
of Pnma, #62. 

683.9(5), Z = 4 

a = 7.119(2) 
b = 12.986(4) 
c=7.398(l) 

CI02GeF 5 

.30 x .10 x .10 mm 

987.0(4), Z = 8 

a = 14.6480(15) 
b = 7.5762(11) 
c = 8.8941(15) 

MoK-, monochromatized (A = .7107g) a., 

+h, +k, ±i -h, +k, ±i h+k=2n 

~~8, where ~8 = .70 + .347 tan8 

variable, max1rnum 50 sec. 

98.9 
-1 

cm 

29.4% max., 11.7% m1n. 

(272), (442), (124) 
every 250 reflections 

1054 

(315), (821), (442) 
no decay 

645 
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Table II-7. Positional and·thermal parameters for XeFSGeF
S

' 

Atom x y z BU B22 B33 B12 . B13 B
23 

Xe .25 .13903( 3) .36600(5) .00810(5) .00386(2) .01087(7) 0 0 -.00363(7) 

Ge 0 0 0 .00243(8) .00318(3) .00818(9) -.Q0007(8) -.0006(2) -.0007 (1) 

Fl .0597( 2) - .0269 (1) .2242 (3) .0059 (3) .0054 (1) ·.0094 (4) .0035 (4) -.0013(6) .0014 (5) 

F2 .0567(2) .1283 (1) .0423 (3) .0070 (3) .0032 (1) .0160 (4)· .0014 (4) -.0001(7) -.0009 (5) 

F3 .25 -.0269 (2) -.0708 (4) .0028 (6) .0040 (2) .0100 (6) 0 0 - .0018 (7) 

F4 .25 .2688 (2) .2698 (6) .0208 (7) .0040 (2) .0249 (8) 0 0 - .0034 (10) 

F5 .5030(2) .1530 (2) .4057 (3) .0094 (4) .0062 (1) .0196 (5) -.0029 (4) -.0053(8) -.0061 (6) 

.0342 (2) .5314 (5) .0150 (6) .0064 (2) .0118 (6) .0024 (8) 
t.J 

F6 .25 0 0 ~ 

F7 .25 .2136 (3) .5741 (5) .0194 (7) .0084 (3)" .0186 (7) 0 0 -.0157 (9) 
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"", '.1 "'" II "". 
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Table 1I-9L P6sitional and therm~l parameters for CI02GeF5~ 

Atom x y z BU B22 B33 B12 BB 8
23 

Ge 0.11474(7) 0.lU8(1) 0.3194(1) .00085(5) .0027(2) .00150) .. OOOO( 1) .0000(1) .0004(2) 

eLl -.3858 (3) 0 0 .. 0017( 2) .0060(.6) . 0041( 5) 0 0 .. 0025( 8) 

eL2 0.2708 (3) 0 0 .0013(2) .0063(5) .. 0034( 5) 0 0 - .. 0004(9) 

Fl 0.1386 (4) 0.2148(8) 0.1444(7) .0016(3) .• 008l( 10) .00260) .0009(9) .0007(8) .. 006 (2) 

F2 0 o .0331( 10) .25 .0008(4) . 0041( 13) . 0003(11) 0 ~ :;0015(12) . 0 

FJ 0.0601 (4) O. 2980( 7) 0.3863(8) .0017(3) .0033(9) .. 0059( 8) .. 0017(8) - .. 0007(9) -.005, (2) 
w 

F4 0.2196 (4) 0.1734(7) 0.4027(7) .0013(3) .0048(8) .0042(8) - .000H 8) .0000(8) - .. 002 (2) Q\ 

• F5 0.1571 (4) -.0890(8) 0.2558(8)' · .. 0018( 3) .. 0047(10 ) .0047(8) .0017(9) .0008(8) -.001 (1) 

F6 0.0793 (6) 0 .5 .0012(4) .0084(15} .0026(l2} 0 0 .004 (2) 

01 -.4339 (5) 0.0864(10) 0.1144(9} .O032(4} .005 (1) .0040( 9) - .. 000 0) .,. .001 (1) .000 (2) 

02 0.3189 (5) 0.0669(9} 0.1231(9) .-022( 4) .005 (1) .0025(9} -.001 (1) -.001 (I) -.000 (2) 
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Table 11-10. Selected internuclear distances and angles for XeF 5GeF
5

. 

Distances: 

Ge F1 1.745(2) Xe F3 3.890(3) 

Ge F2 1.745(2) Xe F4 1.828(5) 

Ge F3 1. 8900) Xe F5 1.831(3) 

Xe F1 2.752(3) Xe F6 1.826(4) 

Xe F2 2.764(3) Xe F7 1.813(4) 

Angles: 

F1-Ge-F1 180 F5-Xe-F5 158.26(20) 

F1-Ge-F2 87 .86( 1.3) F5-Xe-F6 88.18(11) 

F1-Ge-F3 90.07(13) F5-Xe-F7 79. D(10) 

F2-Ge-F2 180 F6-Xe-F7 79.70(23) 

F2-Ge-F3 90.48(13) Ge-F3-Ge 140.70(20) 

F4-Xe-F5 88.25(12) Xe-F1-Ge 109.09(12) 

F4-Xe-F6 160.94(21) Xe-F2-Ge 108. 58( 11) 

F4-Xe-F7 81.25(24) 

• 
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Table II-II. Selected internuclear distances and angles for C10
2
GeF

5
. 

Dis tances: 

Ge Fl 1.776(3) CH F4 2.898(4) 

Ge F2 1.887(1) c.n 01 1.401(5) 

Ge F3 1. 728(3) C£2 Fl 2.837(4) 

Ge F4 1.768(3) C£2 F4 2.625(3) 

Ge F5 1.737(4) C£2 F5 2.900(4) 

Ge F6 1. 888(2) C£2 02 1.396(5) 

C£1 Fl 2.539(3) 

Angles: 

Fl-Ge-F2 91.57(12) F3-Ge-F5 172.92(17) 

FI-Ge-F3 91.97(18) F3-Ge-F6 86.89(16) 

FI-Ge-F4 94.60(17) F4-Ge-F5 93.31 (16) 

FI-Ge-F5 91.66(18) F4-Ge-F6 90.04(18) 

FI-Ge-F6 175.26(18) F5-Ge-F6 88.99(15) 

F2-Ge-F3 87.59(16) Ol-CU-Ol 119.5(4) 

F2-Ge-F4 173.82(14) 02-C£2-02 119.5(4) 

F2-Ge-F5 86.24(16) Ge-F2-Ge 143.2(2) 

F 2-Ge-F6 83.79(15) Ge-F6-Ge 148.1(3) 

F3-Ge-F4 92.46(16) 
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Table II-12. Vibrational assignments for XeFsGeF
s

. 

-1 
observed freq. (cm ) 

IR Raman 

700 

680 675 } 645 648 

669 

654 

622 

602 

600 
526 
518 

} 

500 

463 

413 417 } 
400 402 

381 

355 354 

339 } 
331 

300 

263 

220 } 
208 

184 } 
124 

assignment 

\)6(Eu ) 

\)7(E) 

\)1 (AI) 

\)1 (A1g ) 

\)4 (B 2) 

\)2(A 1 ) 

stretching 
vibra tions of 
the chains 

\)4(B
2g

) 

\)8(E) 
deformation of 
the chain-square 

\)3(A1 ) 
plane angle 

\)2(B 1g ) 

\)6(B 1) 

\)s(B 2) 

\)9(E) 

chain torsional-
rotational modes 
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Table 11-13. Vibrational assignments for C10
2

GeF
5 

and NOGeF
5

. 

C10
2

GeF
5 NOGeF 5 

observed freq. -1 (cm ) assignment 
+ 

IR Raman IR Raman Clo2~2vl. NO+(C 
oov1 

n-
(GeF sl.n-

2322 2320 
+ 

v
1
0: ) 

1303 1307 } V
3

(B
1

) 
1293 1294 

1086 
1065 } vI (AI) 
1057 

1040 } 2 x v 2 1018 

713 Ge-non-bridging 
695 695 } F stretching 
650 657 635 645 vibrations 

603 stretching 
595 590 578 } vibra tions of 

480 490 the chains 

525 } V
2

(A
1

) 
512 

395 399 
chain-GeF4- group 
angle def. 

337 338 GeF4 group 
303 323 } 

290 292 bending modes 

232 } chain tors ion-
160 rotations 
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Table 11-14. Vibrational assignments for N02GeF
5 

and SF
3

GeF
5

. 

N02GeF 5 SF
3

GeF
5 

observed freq~ 
-1 (em ) as's ignment 

1R Raman Raman + 
N02~l 

+ 
SF~3vl 

n-
(GeF sln-

3765 VI + v3 

2388 } V30:U +) 2378 

1409 } + 
1405 v10: g ) 

945 } V
l

(A
1

) 
932 

916 
904 } V/E) 887 
874 

708 Ge-non-bridging 687 
669 

} F stretching 

660 654 vibrations 

618 stretching 606 
583 

} vibra tions of 
the chains 

587 592 V2(~) 

538 V
4

(E) 

501 507 stretching vibra-
tions of the chain 

410 V
2

(A
1

) 

382 bending modes 
362 354 353 } of the GeF4 
343 group 

265 } 
chain torsional-

156 rotational modes 
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Table II-IS. Vibrational assignments for GeF
S 

GeF
5
-Cthis work) SiFS-Cref. 25) GeelS-Cref. 26) 

-1 665 708 348 vI Cem ) 

v
2 520 S19 236 

v3 6S4 78S 310 

v
4 

345 481 200 

Vs 690 874 39S 

v6 317 449 200 

V7 
~1l7 

v8 337 
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Figure II-I. + 2-
Raman and infrared spectra of (NO )2GeF6 
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Figure 11-2. Vibrational spectra of NO+GeF
S
-: (a) from sublimation of 

(NO)2GeF6 in GeF4 vapor, (b) prepared in 50
2 

solution. 
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XBL 835-9962 

Figure II-7. Chlorine coordination environments 
+ -

~n Cl02 GeF
S 

. 
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CHAPTER III 

THE FLUORIDE ION AFFINITIES OF GeF 4 AND BF3AS 

CALCULATED FROM BORN-HABER CYCLES 

A. Introduction 

A thermodynamic model for the intercalation of graphite 

anions has recently been advanced l . It states that the free 

change associated with the half-cell reaction which produces 

anion (from the reactants in the intercalation) must exceed a 

of ca. 120 kcal mo1e- l for the reaction to proceed. Since it 

by fluoro-

energy 

a fluoro-

threshold 

has been 

reported that germanium tetrafluoride and fluorine are intercalated, in 

2 - 2-combination, by graphite to form both GeF 5 and GeF 6 ' the first and 

second fluoride-ion affinities of that molecule ~re each of interest. 

Evaluation of the fluoride ion affinity of boron trifluoride by 

Altschuler3 'has yielded a value of -71 kcal mole-I. This has been 

accepted by several authors4 ,5 as the basis for other fluoride ion 

affinities and electron affinities. Sharpe6 , however, has preferred a 

value of -91 kcal mole-I, based upon the data of Bills and Cotton7 • 

Although the latter value is in harmony with other fluoride ion 

affinities and electron affinities, its confirmation was clearly 

desirable to provide a firm basis for correction of affinities based 

upon the erroneous value. This chapter describes the studies which have 

provided these fluoride ion affinities. 

+ - + 2-The salts CI02 GeF 5 and (SF3 )2GeF6 ' each of which dissociates 

to stable component species at easily accessible temperatures, have 

provided for the determination of the following enthalpy changes: 

6HO(CI02GeF 5(s) = CI02F(g) + GeF 4(g» 

6HO«SF3)2 GeF 6(s) = 2 SF 4(g) + GeF 4(g» 
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The salt CI02+BF4- also dissociates extensively at ordinary 

temperatures, and the enthalpy change: 

~HO(CI02BF4(s) = CI02F(g) + BF3(g»\ 

has been reported8 to be -24(1) kcal mole-I. This finding has been 

confirmed in measurements carried out by Mr. Guy Rosenthal in these 

laboratories. 

The crystal structures of the salts have been determined, CI02GeF 5 

being described in the previous chapter and (SF3)2GeF6 in the present 

chapter. The crystal structure of CI02+BF4- was determined by Mr. 

Rosenthal and appears elsewhere9• From this structural information, 

lattice energies for the salts have been derived; the Madelung term was 

calculated by the method of Bertaut lO as modified by Templeton11 , and 

standard methods of calculation were applied to determine the other 

terms. The fluoride ion affinities of BF3 and GeF 4 follow from these 

calculations by completing Born-Haber cycles. 

There is evidence that the graphite lattice acts as a "macro­

cation" when it is intercalated, and so stabilizes9 such uncommon 

species as SiF 5-, B2F7-, and P2Fll-. It was hoped that a generalized 

method could be found whereby the thermodynamic stability of fluoro-

anions and fluoro-cations could be evaluated. Central to this goal was 

the development of a method of calculation or accurate estimation of 

lattice energies of complex molecular fluoride salts; such a method is 

proposed in this chapter, and will be discussed further in Chapter IV. 

B. Experimental 

SF4 and GeF 4 were brought together in a 2:1 molar ratio to produce 

a colorless solid 2SF 4 ·GeF4 which was purified by sublimation at room 



53 

temperature. Single crystals were grown by sublimation in quartz x-ray 

capillaries at 30-35°C. 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 described in Chapter II. 

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

at -97 ± 7°. The crystallographic data for this compound are given in 

Table III-I. 

The structure was successfully refined in the centric space group 

Pmnn (no. 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 data. The largest parameter shift in the final refinement 

cycle was < 0.1 0. A final difference Fourier synthesis gave no peaks 

with density greater than 0.141 e/A3. The observed and calculated 

structure factors for (SF3)2GeF6 appear in Table 111-2; positional and 

thermal parameters are given in Table 111-3. 

2. Dissociation pressure measurements for CIOZGeF S 

and (SF Y-2 GeF 6 

Vapor pressure measurements were made using a Monel diaphragm gauge 

as described by Cromer12. 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 III-I. 

The null point (no pressure difference across the nickel diaphragm) 

was established by closing A and C and opening Band 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 
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adjusted to find the null point at each bath temperature at equilibrium, 

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 - 30°C). Log P vs. l/T data for CI02GeF 5 and 

(SF3)2GeF6 are given in Table III-4. Since for CI02GeF 5, ~ = 

[PCl02F][PGeF41 ~1/4P2, and for (SF3)2GeF 6' ~ ~ [PSF412[PGeF41 = 

4p3 /27, we have from the van 't Hoff relation, d(ln~)/ dOlT) = -~o /R: 

'Cl02GeF 5(s) = Cl0zF(g) + GeF 4(g) .1Ho-29.1(4) kcal/mole 

.1So~ 90(1) cal/moleoK 

.1H°:42.9(6) kcal/mole 

.1So=125(2) cal/moleoK 

The identities of the gaseous species in equilibrium with the 

solids were established by infrared spectroscopy. 

C. Lattice Energy Calculations 

1. Electrostatic Terms 

The electrostati.c energy of a lattice of atoms of zero 

polarizability may be calculated exactly by the method of Bertaut10 , 

provided.the position and charge of each atom in the structure is 

known. This method involves the infinite sum in reciprocal space: 

U elec 
(sinet-etcoset) 2 

8 et 

where F(hkl) .. Iqj exp(211'ih·rJ)' a = 211'R/dhkR.' qj is the charge on atom 

j, .!!.·rJ - hxj + kYj + IZj' (xj 'Yj ,Zj) are the fractional coordinates of 

atom j, R is one-half the shortest interatomic distance in the crystal, 

dhkR. is the distance between lattice planes hkR., and V is the volume of 

the unit cell. In practice the sum must be terminated at some finite 



55 

value of h,k, and t, and to estimate the error introduced thereby, the 

modification introduced by Templeton11 has been used. In all 

calculations the termination of the series was chosen so as to insure 

that this error was no greater that 0.2 kcal mole-I. Fractional charges 

were assigned to atoms using the electronegativity equalization 

procedure of Jolly and Perryl3. Variation of these charges; within 

reasonable limits, produced small (1-3%) variations in the electro-

static part of the lattice energy; This is as expected since the 

multipolar interactions of complex ions in ionic crystals only amount to 

a few percent of the total lattice energy. 

2. London energy terms 

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

3 - -2 

Ct.Ct.e:.e:. 
1.J1.~ 
(e:.+e:. 

1. J 

r .. 
1.J 

-6 

where a and E are respectively the polarizability and characteristic 

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

likewise given by a summation in rij -8; it is however generally 10 - 15% 

of Udd , and so is taken here as simply 0.12 Udd • 

3. The zero point vibrational energy and associated 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 large, massive ions (SF3+, UF 6-, 

GeF 6
2-, etc.), the zero point energy (Uz ) is small (0.2 - 0.4 kcal 

mole-I). For crystals containing small ions this term is more important 

and may be estimated from Waddington's correlation14 of S0298K with Uz • 

The specific heat (Cp) of the crystal is taken to be 3R per ion; Cp is 
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assumed to be 5/2R for monatomic, 7/2R for diatomic, and 4R for 

nonlinear polyatomic ions in the gas phase. 

4. The repulsion energy term 

A number of approaches to the calculation of closed shell repulsion 

energies may be found in the literature. Ladd and Lee15 have 

successfully used the expression: 

where B is a constant eliminated by the criterion of energy 

minimization, ro is the shortest interatomic distance, and p is a 

parameter determined from compressibility data. In the absence of such 

data, Born and Mayer's equation16 may be used: 

U = b 
r 

r 
i;l:j 

(1 + q. / n. + q./ n J exp{ ( r. + r. - r. J / p} 
1 1 J J 1 J 1J 

Here n is the number of electrons in the outer shell of the ion, q is 

the charge on the ion, r is its "basic radius", rij is the distance 

between ions i and j, and b and p are constants ( 10-12 erg molecule-1 

and 0.32 -0.36 A, respectively) • The range of variation of the 

parameter p is smaller when this expression for Ur is used. 

5. Derivation of parameters and calculations 

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 a, 

r, and E 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 molecular fluoride crystals (ignoring M - F 

interactions in the calculation of the repulsion energy, since the 



57 

forces giving rise to it are of extreme short range). The sublimation 

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

compounds, and EF and rF are derived parametrically if values are 

assumed for ~, <\t, and~. 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 derived 

values of EF and rF are used in subsequent calculations. 

It is hoped that accurate lattice enthalpies may be calculated, 

within the limits of a large simplification: that is, that the London 

and repulsive interactions in the crystals under consideration arise 

from potentials which are radially symmetric about the fluorine atoms~ 

Departures from spherical symmetry in the valence electron 

distributions, induced by molecular bonding, are ignored. This 

approximation is to a large extent justified when one considers that van 

der Waals' contacts are generally made in a direction away from the 

M - F bonds, and in this direction the fluorine valence electron 

distribution may look radially symmetric. Within this assumption one 

may calculate the fluorine parameters EF and rF. 

For the compounds SiF 4 and UF 6 we have: 

The lattice energy (UL) is given by: 

L 
ifj 

exp( -r . ./ p) 
1J' 

UL Q Uelec + Udd + Udq - Ur - Uz 

Since (dUL/dr)r=r - 0, 
o 

U + 6U + 8U 
elec dd dq = b(l + 2QF/nF)exp(2rF/p) L r .. /pexp(-r . ./p) 

.~. 1J 1J 
1TJ 

Substituting Udq - 0.12Udd , it follows that 
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U + U - .8391 U 
L z elec 

U = 
r 

r exp( -r . ./ p) 
r (.1609r . ./p - l)exp(-r . ./p) ';:' 1J .~. 1J 1J 1 J 

1rJ 

U + U - .8391 U 1 
{L z e ec 

r F = p/2 ~n b(1 + 2q In) r (.1609r .. /p 
F F . ~. 1J 

} 
1) exp( -r . .7 p) 

1J 
1rJ 

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 band p. 

The cry-stal structures of SiF4 and UF 6 are accurately knownl7 ,18, 

and the polarizabilities, characteristic energies, and fractional 

charges assigned to each atom are shown in Table 111-5. From the latter 

one calculates Uelec :::0 1.1(1) kcal mole-1 for Sif4 and 2.0(1) kcal 

mole-1 for- UF 6. The heats of sublimation are 6.2 kcal mole-1 (at I77K) 

for SiF 19 4 and 11.8 kcal mole-1 (at 298K) for UF 20 6 • The calculated 

values of ~ and r F (using a polarizability of 0.80 A3 for F) are shown 

for three choice of p in Table 111-5. Since the characteristic energy 

of an a~om is related to its ionization potential, it is not surprising 

that the derived value of ~ for these (nearly electroneutral) fluorine 

atoms is significantly higher than that calculated by Mayer21 for the 

fluoride ion in the alkali fluorides. rF is likewise slightly smaller 

than the fluoride ion value determined by Jenkins and Pratt22 • The 

agreement between the parameters derived from Sif4 and UF 6 is reasonably 

good; when the lattice energy of SF3BF4 was calculated using the two 

sets of parameters, the calculations differed by 1.3 kcal mole~l. 

Average values of r F and ~ are adopted for subsequent calculations. 
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These derived fluorine parameters may now be applied to the more 

+ - + - (+) 2-complex salts SF3 BF4 ' NO UF 6 ' SF3 2GeF6 ' + - + -CI02 BF4 ' K BF4 ' and 

+ -IF6 AsF 6 • If the central atom in the anion is again 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 (in the case of 

+ + IF6 AsF 6 ' the fluorine basic radius is calculated). The following 

details for the salt SF3+BF4- exemplify this approach: 

where 

From (dUL/dr)rar = 0, we have 
o 

LA B C = L (1 + q./n. + q./n.)r .. /p exp(-r .. /p) 
-'-'_ iFj ~ 1 J J ~J 1J 

Here A refers to the sum over S - s, .! over S - F, and.£ over F - F 

interactions. As pOinted out by previous workers22 , this equation is 

quadratic in exp(rS/p), and so rS and hence Ur follow from Born and 

Mayer's equation. 

Calculation for the dispersion energy terms Udd and Udq requires 

that E and a be assigned to the central atom of the cation (S in SF3+' 

CI in Cl02+, NO+, and K+). The polarizability of cationic sulfur and 

chlorine atoms should be less than that of the neutral argon atom23 , 

1.6 A3, and slightly larger than that of K+, for which a preferred 

value24 of 1.029 A3 has been given. These are assumed to have a 

3 + . polarizability of 1.2 A and NO (which occupies about the same volume 

as a K+ ion in its salts) to have a polarizability of 1.0A3• 'The 

characteristic energy is taken as 9/10 of the second ionization 

potential of the free atom. The oxygen parameters r O and EO are 
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calculated from the Os04 structure25 (for which the heat of 

sublimation26 is 11.6 kcal mole-1 at 300 K and Uelec =2.5(1) kcal 

mole-I), assuming a polarizability of 0.90A3 for the 0 atoms. Thus we 

R -1 obtain rO = 1.144 A and EO = 58.5 eV molecule • The values of a and E 

assigned to the central atom in the anion again have little impact on 

the result of the calculation. These are given in Table 111-6. 

+ -Table 111-6 shows the calculated lattice enthalpies for SF 3 BF4 ' 

+ - (+) 2- + - + - +-NO UF 6' SF 3 2GeF 6 ' CI02 BF 4 ' K BF 4 ' and IF 6 AsF 6 ' and the 

derived basic radii for S+·9442, CI+1•083 , NO+, K+, and F--· 27 • In 

these calculations a value of p = .333 A was chosen, since this is the 

preferred value for the alkali fluorides22 • Variation of p between .333 

and .360 A produced a variation of 1.5 kcal mole-1 in the SF 3+BF 4-

lattice enthalpy. Likewise a variation of Udd + Udq by 25% (= 9.5 kcal) 

produced a change in the calculated lattice enthalpy of only 2.4 kcal 

mole-I, because of a compensating change induced in Ur. In these 

calculations the charge distributions of the individual atoms were taken 

to be spherical. However, since the atoms are polarizable, they will in 

fact have multipolar charge distributions arising from the non-spherical 

arrangement of their (charged) near neighbors. The interactions of 

these multipoles will contribute another term to the electrostatic part 

of the lattice energy, which should be greater for NO+, CI02+, and SF 3+ 

salts than for simple ~lkali halide salts. The largest of these, the 

dipole-monopole interaction term, was evaluated for SF3+BF 4- by allowing 

each atom to become a permanent dipole (by virtue of its polarizability 

and the field created by the other point charges in the ion); the energy 

of this interaction is found to be ca. 0.1 kcal mole-I. While this 

model is crude, it nevertheless provides an estimate of the order of 
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magnitude of such interactions, which is indeed small. 

The computer programs used for these lattice energy calculations 

are listed out in the appendix to this thesis. 

6. An empirical lattice energy determination for C102GeF S 

·For CI02+GeF S- the method of calculation of the lattice enthalpy 

outlined 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 A+B- salt is dominated by 

the coulombic term (the repulsion energy and the dispersion energy terms 

being largely mutually cancelling over a fairly wide range of formula-

unit volumes), a roughly linear correlation between the lattice energy 

and M/(rA+_B-) is expected, where M is the Madelung constant and r A+-B-

is the shortest cation - anion distance in the crystal. Kapustinskii 

has shown27 , 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 figure III-2. The correlation is 

particularly good among members of a given structural family, e.g., NaCI 

or CsCI. Where the dispersion energy term is expected to be large 

because of highly polarizable or strongly coordinating ions (e.g., TICI, 

CI02BF4' SF 3BF 4), a positive deviation is seen. The lattice enthalpy of 

CI + - f V-I / 3 1 02 GeF S is therefore calculated simply rom the UL vs. pot, 

+ -allowing the same positive deviation as for CI02 BF4 ' to give 

t.HO L(CI02GeF S) = 146(S) kcal mole-I. This lattice enthalpy value is, 
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however, of limited physical meaning since it does not represent the 

enthalpy change: 

6HO (CI02+(g) + GeF 5 -(monomer, g) = CI02GeF 5(s)), 

and so cannot be used in a Born-Haber cycle to evaluate 6HO(GeF 4(g) + 

F-(g) = GeF 5-(monomer, g)). While the monomeric form of GeF 5- has been 

established in the solid state28 , it only occurs when it is stabilized 

by very large cations such as tetra n-butylammonium. The diameter of 

such a cation (-8.3 A) is too large to be accomodated by cis or trans­

bridging GeF 5-, since theF-Ge-F-Ge-F unit has a maximum extension of 

about 7.6 A. Rearrangement to polymeric GeF 5- occurs when it is made 

possible by the presence of small cations. The enthalpy change 

associated with this rearrangement, while it is certainly exothermic, is 

as yet uncertain. 

D. Results and discussion 

1. (SF3l2GeF6 structure 

The sulfur and germanium coordination environments in the 

(SF3)2GeF6 structure are shown in figure 111-3. While the space group 

requires only Cs symmetry at Sand C2v symmetry at Ge, the SF 3+ ion 

has essentially C3v symmetry with all the S - F bonds of equal length 

and all the F - S - F angles equal within one standard deviation; the 

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

lengths equal within 10 and with the F - Ge - F angles differing from 

90° by about 30. Each sulfur atom makes close contacts with one 

fluorine atom from each of three different anions, and so the cation-to-

anion coordination in (SF3)2GeF6 is 6:3, with each fluorine atom in 

the GeF 6
2- octahedron making a bridging contact (2.37 - 2.42 A) to a 

sulfu~ atom. Fluorine atoms in the SF 3+ ion make only van der Waals' 
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contacts (~2.65 A) with other fluorine atoms in the structrure. The 

bridging of fluorine in this structure resembles that found in SF 3BF 4 , 

where the coordination is 3:3. The dimensions of SF 3+ in SF 3+BF 4- and 

(SF3)2GeF62- are not significantly different, and as has been remarked 

earlier29 , 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 (SF3)2GeF6 

are given in Table III~7. 

2. Fluoride ion and electron affinities 

i) Boron trifluoride: The enthalpy change (2a in parentheses) for 

the reaction: 

Cl02F(g) + BF3(g) = Cl02BF4(s) 

has been reported8 to be -24(1) kcal mole-I. Since ~HOL(Cl02BF4) = 

149(5) kcal, then we have from ~HOf(Cl02F) = -8.0(5) kca130 , ~HOf(Cl02) 

= 24.5(8) kca131 , ~O(Cl02 = Cl02+ + e-) = 246.6(23) kca132 , and 

~HOf(F-) = -62 kcal, that for BF3(g) + F-(g) = BF4-(g), ~Ho = -92(6) 

kcal mole-I. This is in agreement with the value calculated by Sharpe6 

from the data originally published by Bills and Cotton7 , but disagrees 

with the often cited value of -71 kcal which derives4 from the enthalpy 

change for the reaction KBF4(s) = KF(s) + BF 3(g). 

ii) Uranium hexafluoride: The electron affinity of UF 6 has been 

evaluated at 113 kcal mole-1 by Beauchamp and coworkers33 from 

measurement of the enthalpy of the reaction: 

UF 6-(g) + BF3(g) = BF4-(g) + UF 5(g), ~Ho = +37(4) kcal 

Substituting the revised value of -92 kcal for ~HO(BF3(g) + F-(g) 

BF4-(g)) in place of the -71 assumed by Beauchamp, et al., and using -62 

kcal for the heat of formation of F-, we obtain EA(UF 6) = 135 kcal 

mole-I. 
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Since ~HO(NO(g) + UF 6(g) = NOUF 6(s» = -52 kcal34 , from the 

ionization potential of NO (213 kcal) and our calculated lattice 

enthalpy for NOUF 6 (132 kcal) , we obtain EA(UF6 ) = 133 kcal. This 

agreement of the cyclotron resonance and lattice energy evaluations of 

EA(UF 6) points to the correctness of the -92 kcal value for ~Ho (BF 3 (g) + 

F-(g) = BF 4-(g» and also indicates that the lattice energy evaluations 

are reliable. 

iii) Sulfur tetrafluoride: One may now calculate ~HO(SF4(g) = 

SF 3+(g) + F-(g» = +211(8) kcal from ~HOL(SF3BF 4) = 144(5), ~HO(BF3(g) + 

F-(g) = BF4-(g» =-92(6) and ~HO(SF4(g) + BF 3(g) = SF3BF4(s» = -25(1) 

kcal35 • 

iv) Germanium tetrafluoride: The first fluoride ion affinity of 

GeF 4 is obtained from ~O(Cl02F(g) = Cl02+(~) + F-(g» = 217(3), 

~Ho (Cl02F (g) + GeF 4 (g) = Cl02GeF 5 (s» = -29(1), and ~Ho L (Cl02GeF 5) 

=146(5) kcal mole-I. Thus ~HO(GeF4(g) + F-(g) = GeF 5-(g, polymer» 

100(6) kcal mole-I. 

From ~HO(2SF4(g) = 2SF3+(g) + 2F-(g» = 422(16), ~HO(2SF4 + GeF 4(g) 

= (SF3)2GeF6(s» = -43(1), and ~HOL«SF3)2GeF6) = -383(12) kcal mole-I, 

the double fluoride ion affinity ~HO(GeF4(g) + 2F-(g) = GeF 6
2-(g» = 

-82(18) kcal mole-1 is obtained. 

Summary 

From thermodynamic data pertaining to the dissocation of GeF 5-, 

GeF 6
2-, and BF 4- salts, and from lattice energy calculations, it has 

been possible-to evaluate the fluoride ion affinities of GeF 4 and BF 3 • 

The first fluoride ion affinity of GeF 4 exceeds that of BF3 by 8 kcal 

mole-I. Because of the smaller volume of BF4- relative to that of 

GeF 5-, the more favorable lattice energy of the former approximately 
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offsets the higher fluoride ion affinity of GeF 4 relative to BF 3 , at 

least in salts with small cations. In cases where cations are large and 

the values of the lattice energies of the GeF S and BF4- salts are 
. 

therefore closer, the thermodynamic stability of GeF S- salts appreciably 

exceeds that of the corresponding fluoborates. 
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Table III-I. 
+ 2-

Crystallographic data for (SF 3 )2GeF6 . 

crystal dimensions: .022 x .018 x .020 cm. 

space grou~: Pmnn (non-standard setting of Pnnm, #58) 

vol. (~3) = 439.4(2) p (calc'd) = 2.756 

~(~) = 6.142(1) Q(~) = 9.593(1) ~(~) = 7.458(1) 

data collection at -920 

radiation: MoK&, graphite monochrometer (A = .71073~) 

28 range: 3-450 

hkl range: ±h, +k, +1 

scan mode: 8 - 28 

background: .25 x 68, where 68 = .50 + .347tan8 

scan rate: variable, maximum 50 sec. 

absorption coefficient (~calc.): 43.27 cm- l 

transmission: 47.4% min., 64.7% max. 

orientation and intensity stds.: (41 1), (16 1), (0 0 6) every 

250 reflections, no decay 

reflections measured: 687 



Table 1II-2. Observed and calculated structure factors for (SF3)2GeF6. 
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Table 1II-3. Positional and thermal parameters for (SF3)2GeF6' 

Atom X Y z Bl1 B22 B33 B12 B13 B
23 

Ge .5 .5 0 .0083(1) .00307(5) .00s41( 8) 0 0 - .0007(1) 

S 0 .25615'8) .06sl( 1) .OIl2( 2) .00345(8) .0077 (2) 0 0 .0012(2) 

F1 .1842(2) .1547 (1) .0267(2) .0189(4) .0057 (2) .0132 (3) .0074(5) .0060( 6) .0002(3) 

F2 0 .1437 (2) .34 7s( 3) .0178(5) .0055 (2) .0090 (3) 0 0 .0056(5) 

F3 .5 .1757 (2) .3819(3) .0193(5) .0071 (2) .007.4 (3) 0 0 -.0039(5) 

F4 .2946(2) .4160 (1) .1298(2) .0133(3) .0066 (2) .0088 (2) -.0045(4) .0035(5) .0019( 3) 
...... 
0 

• 

• 
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• Table III-4 . 

+ a 29.1(4) 
. -1 

C102 GeF 5 ~H298 = kcal mole 
a 900) -1 -1 

65298 = cal mole K 

liT x 1Q\K-1) -inK (obs.) -inK (calc.) 
p p 

3.562 7.09 7.05 

3.512 6.29 6.32 

3.464 5.57 5.61 

3.412 4.92 4.85 

3.355 3.93 4.02 

3.304 3.29 3.27 

3.262 2.68 2.65 

(SF 3)2GeF 6 
a 42.9(6) -1 

~298 = kcal mole 
a 125(2) 

. -1 -1 
~S298 = cal mole K 

liT x 1Q\K-1) -inK (obs.) -inK (calc.) 
--p p 

3.661 15.97 16.01 

3.593 14.62 14.55 

3.529 13.19 13 .17 

3.473 11.98 11.96 

3.416 10.60 10.73 

3.288 8.02 7.97 



72 

Table III-5. Lattice energy calculations for SiF4 , .UF 6 , and Os04' 

Udd+Udq(kcal) 16.62 

U (kcal) 0.5 z 

U (kcal) r 11.40 

EF( eV) 46.90 

EO(eV) 

- 0 
rF(A) 1.053 

- 0 
rO(A) 

F 

E:(eV) 

o 
p = .333 A 

29.37 27.64 

0.2 0.5 

19.91 18.63 

52.24 

58.53 

1.079 

1.144 

Os si U 

p = .345 

SiF4 UF 6 

17.94 31.59 

0.5 0.2 

12.62 22.13 

51.00 56.63 

1.053 1.077 

o 

2.00 1.20 2.50 0.90 

15.3 14.7 15.0 

p = .360 

SiF4 UF 6 

19.60 34.69 

0.5 0.2 

14.38 25.23 

56.98 63.32 

-' 

1.055 1.079 



Table 111-6. Lattice Enthalpies and Basic Radii. 

SF3BF4 NOUF
6 

ClO
2

BF
4 KBF4 

U 
elec 

(kca 1) 147.8 137.8 154.2 160.6 

Udd (kcal) 37.14 26.21 35.13 22.37 

Udq (kcal) 4.46 3.15 4.22 2.68 

U (kcal) 46.27 36.24 45.01 35.54 r 

U (kca l) 0.2 0.2 0.3 0.5 
z 

U
L 

(0 K, kcal) 142.9 130.7 148.2 149.7 

m~ (298K, kca 1) 144.1 131.6 149.4 149.9 
0 

r (A) rS = 1.147 rNO = 1.262 r Cl = 1.150 r K =1.193 

For all calculations, p = .333 R, and for all except 1F 6AsF 6 , r F 

(SF 3)2GeF 6 

413.3 

72.73 

8.73 

113.58 

0.2 

381.0 

382.8 

rs = 1.193 

o 
1.066 A. 

IF 6AsF
6 

123.15 

45.13 

5.42 

48.26 
-.J 
LV 

0.2 

125.2 

126.4 

r F = 1.100 
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Table 111-6 (continued). 

charge distributions: 

+ 
SF 3 : qs = +.9442, qF +.0186 

-
BF4 : qB + .1420, qF = -.2855 

-
UF6 : qu = +.5846, qF = -.2641 

C102 
+ 

+1.083, = -.0415 : qC1 = qo 
2-

+.3148, = -.3858 GeF 6 qGe = qF 

+ = +2.2834, -.2139 1F6 : q1 qF = 
-

AsF6 : qAs = +.9638, qF = -.3273 

F o s C1 B u 

0.80 0.90 1. 20 1.20. 0.05 2.50 

E: (eV) 49.57 58.53 21.06 21.42 22.63 15.00 

Ge K NO As I 

0.75 1.03 1.00 0.70 1.00 

E: (eV) 14.34 28.63 28.60 16.80 17.20 
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Table 111-7. Selected internuclear distances and angles for (SF3)2GeF6 

Distances: 

Angles: 

Ge F2 

Ge F4 

S F1 

F2-Ge-F4 

Fl-S-F1 

. F1-S-F2 

F 1-S-F3 

F1-S-F4 

1. 787(1) 

1. 783( 1) 

1. 519(1) 

89.83(5) 

96.23(10) 

82.86(6) 

96.12(8) 

179.22(7) , 

S F2 

S F3 

S F4 

F2-S-F3 

F2-S-F4 

F3-S-F4 

F4-S-F4 

83.51(5) 

2.36}(2) 

1.515(2) 

2 .420( 1) 

178.47(8) 

96.38(4) 

84.63(5) 

96.75(6) 
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CHAPTER IV 

CALCULATION OF THE THERMODYNAMIC STABILITY OF SOME 

FLUORo-CATIONS AND ANIONS 

A. Introduction 

In this chapter the thermochemical approach outlined in Chapter III 

is applied to the problem of the fluoride ion donor or acceptor power 

(or electron affinity) of a number of molecular fluorides. Many of 

these have been assessed before l ; it is hoped however that the present 

results are a little more accurate, as they derive from more careful 

evaluations of the necessary reaction entropies and lattice enthalpies. 

The derived quantities may be useful in a number of ways. For 

instance, the following graphite intercalation'reactions are known2 ,3: 

+ -SC + OsF 6 + Cs OsF 6 

8e + AsF 5 + CaAsF5 

It is postulated4 that 3/2 CSAsF5 -

(1) 

( 2) 

This ionic 

formulation will seem most reasonable if one can establish that the free 

energy change for the half-cell reaction: 

(3) 

is about as exothermic as that of 

(4) 

This problem can be reduced to the determination of (4) and the 

free energy change for 

since the free energies of formation of AsF 3, AsF 5 , and F are known and 

together with (5) provide the value of (3). The value of (5) may be 

obtained from a Born-Haber cycle representing the formation of a 

+ -suitable ionic salt, A AsF6 ' where the other terms in the cycle are 
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known. 

B. Estimation of entropy changes 

It is often the case that the enthalpy change of a reaction, 6Ho, 

is not known. The sign of the free energy change is known from the 

reaction's occurrence or non-occurrence; therefore, an estimate of the 

entropy change will provide an upper or lower limit for 6Ho. The 

entropies of gases or liquids involved in the reaction are often known 

and tabulated, and if not, they may generally be calculated by standard 

methods. Solids, however, are more problematic. One may measure their 

specific heats, but this approach is not always viable, particularly for 

hypothetical compounds. TWo attempts were made to correlate the 

entropies of ionic solids with more easily calculable quant.ities - the 

first method is entirely empirical and the second derives from the Debye 

approximation for a solid. 

1. Correlation of 6S0 298 with molecular volume 

It is reasonable to expect that the entropy of a solid will 

increase monotonically with the number of atoms per mole. This should 

in turn increase monotonically with the molar mass, volume, heat 

capacity, etc. Empirically, it is found that the molar volume and 

entropy are linearly related for a large number of crystalline solids; a 

plot of this relation is shown in figure IV-I. No mass dependence is 

evident in the plot, and the correlation is equally good for ionic salts 

and covalently bound compounds, to within 5 - 10 e.u. (this represents a 

TS error of 1.5 - 3 kcal mo1e-1 at 298 K). It is likewise observed that 

8°298 vanishes as the molar volume goes to zero. 

2. The Debye model for S0298 

Lewis and GibsonS found in 1917 that the specific heats of many 
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ionic solids obey the Debye relation6 , 

where N is the number or ions per mole and TO (= hVo/k) is the Oebye 

temperature. The entropy is found by integrating the specific heat, 

SOT - foT (Cp/T)dT, and substituting one finds6 : 

X 
. 2 C - C 

o T 3 T /T {( -x } + [T P v dT S = 9Nk(T) [D "-tn 1 - e ) + -x- x dx - T 
T DOe -1 0 

The last term is often neglected5 , since it typically comprises 

about 2% of SOT. Then for T » TO' the expression simplifies to 

SOT == 3Nk(4/3 - In(TD/T) + ••• ) (8) 

The Oebye treatment assumes a linear dispersion relation (w - cK) 

for phonons in an isotropic solid, and so one obtains To = 

hc/(2TIk).(6TI2N/V)1/3, where c is the speed of sound. For a crystal 

containing two kinds of ions the phonon dispersion relation·for the 

acoustic branch near K = 0 is7 : 

(9) 

where ao is the length of the unit cell edge, y is the Hooke's law force 

constant which restores the ions to their equilibrium positions, and ml 

and m2 are the masses of the ions. Recognizing that dw/dK (K + 0) = c, 

we have 

(10) 

The problem is then one of finding y and combining (8) and (10) to 

get the entropy. The forces acting in a crystal are the gradients of 

the potentials, discussed in Chapter III, which comprise the lattice 

energy. The coulombic and dispersion forces, which tend to collapse the 

crystal, are balanced by the closed-shell repulsive force. These 

potentials, from Chapter III, are: 
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u = Mz2/r c 0 

Udd = C/r0 6, Udq = O/r08 

Ur = bI exp[(r i + rj)/p]exp(-rij/p) 

(11) 

(12) 

(13) 

For highly symmetric crystals with only one kind of nearest neighbor 

interaction (e.g., NaCI, CsCI, ZnS structures) the repulsive potential 

may be further simplified. Counting only nearest neighbor interactions, 

(14) 

At the equilibrium interionic distance, r o ' the forces add up to 

zero: 

If we consider a single ion displaced slightly from its equilibrium 

position in the direction of one of its nearest neighbors, and ignore 

the contribution of the slowly varying coulombic forces, we obtain: 

y = -2dF/dr = -Zd/dr[b/p exp(-r/p) - c/r7 

y = 2b/pZ exp(-ro/p) - 14c/r0
8 -

- d/r 9]r=r 
o 

18d/r 10 o 

(16) 

(17) 

The restoring force arises from the closed shell repulsions; this 

force is damped by the dispersion forces, which tend to flatten the 

potential well of the ion. If we make the final approximation that the 

repulsive force varies much faster than the dispersion forces, then 

(18) 

and substituting into (8) and (10), for a particular temperature (e.g. 

298 K), 

SOZ98 = 6R ~/zln(ml + mZ) -Vzln(Ur )] + constant (19) 

For complex ions one must take into account the entropy arising 

from their symmetry numbers, so 

SOZ98 = 3R[ln(ml + mZ) - In(Ur) + In(oAOC)1/3] + const. (ZO) 

A plot of this relation8a is shown in figure IV-Z for a number of 
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simple salts. The observed slope is 5.8 e.u., in good agreement with 

the expected 3R (= 5.96 e.u.). For more complex salts (such as SF3BF4 

and CI02BF4), S0298 deviates positively from the curve, ostensibly 

because (14) does not hold and because the stronger dispersion forces 

diminish y significantly. 

The utility of equation (20) is thus limited to simple salts, for 

which Ur is known, with weak dispersion forces; the S0298 vs. molecular 

volume correlation of figure IV-1 is more generally applicable, and was 

therefore used to estimate 6S0 298 for a number of pertinent reactions8b , 

listed in Table IV-I. 

Listed in Table IV-2 are estimates for lattice enthalpies, which 

are based" on the UL vs. volume cube root relation of figure 111-2. The 

linear relation is: 

+ + + . For salts with strongly coordinating cations (e.g., SF 3 ' CIF 2 ' XeF 5 ) 

or very large formula unit volumes (e.g., MF 6+M'F6-), the London energy 

is expected to be high and so a positive correction of 6 kcal mole-1 in 

AHo L was applied; for NO+ or 02+ salts, a negative correction of 4 kcal 

mole-1 (as was found for NO+UF 6-) was used. 

C. Estimation of electron and fluoride ion affinities 

1. Transition metal hexafluorides 

The electron affinities of WF6 and PtF 6 have been measured by a 

number of techniques. For WF6 values of 1049 and 81 10 kcal mole-1 have 

been reported; the latter derives from an I.C.R. experiment in which WF6 

is observed to capture an electron from F but not from CI- in the gas 

phase. Assuming that the WF6 + CI- reaction is genuinely endothermic, 

the electron affinity of WF6 must lie between those of F and CI (80 and 

• 
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83 kcal mole-I, respectively). The electron affinity of PtF6 has been 

measured using an effusion mass spectrometer to observe ion-molecule 

equilibria in the gas phase11 ; this method is less precise, and a value 

of EA(PtF 6) = 184(7) kcal is given. It is thought that the electron 

affinities of the third row transition metal hexafluorides increase 

smoothly from WF6 to PtF6 , since they are nearly isomorphous and have a 

smoothly increasing nuclear charge, poorly screened by the 5d electrons, 

across the series. This contention12 is borne out by the increasing 

ability of the later members of the series to oxidize NO, ONF, or 02. 

i) PtF6 : The salt 02+PtF6- sublimes in vacuo 13 between 90° and 

130°C, the gas phase species being PtF 6 and molecular oxygenl4 • If we 

assume a vapor pressure of 2 - 5 torr at 373 K, then we have ~G0373 = 9-

10 kcal mole-1 for the reaction 02PtF 6(s) + 02(g) +. PtF 6(g). From the 

calculated T~So (28 kcal), ~HOL ° PtF (-134 kcal), and the ionization 
'2 6 

potential of 02 (278 kcal) we have EA(PtF 6) = 181-182 kcal mole-I. 

ii) RuF 6 ,RhF 6: These compounds form dioxygenyl salts15 which 

sublime readily near room temperature. By analogy to the PtF 6 case 

(except here T~So = 22 kcal mole-I), these are assigned an electron 

affinity of 175 - 176 kcal mole-I. It is perplexing that the 

experimental results15 seem to indicate that the electron affinities of 

RuF 6 and RhF6 are very close. Since the screening power of the 4d 

electrons is quite poor, it is reasonable to expect that RhF6 should 

have the higher electron affinity, by ca. 1 eV; a difference of 

approximately that magnitude is found (see below) for OsF 6 and IrF 6 • 

iii) IrF 6 : No dioxygenyl salt is observed16 under several' 

atmospheres 02 at 298 K. This implies that ~H0298 for 02(g) + IrF6(g) = 

02IrF6(s) ~ -20 kcal mole-1 and EA(IrF 6) ~ 160 kcal mole-I. 
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iv) OsF 6 : Unlike-IrF 6 , OsF 6 does not react with ONF to liberate F2 

by the reactionl7 : 

(21) 

For this reaction, T~So = -18 kcal mole-1 is calculated at 

T = 298 K. Since ~HO(ONF(g) = NO+(g) + F-(g» = 187 kcal and ~HO(F-(g) 

=~2F2(g) + e-) = 62 kcal, using the NO+MF 6- lattice enthalpy (-133 

kcal) in a Born Haber cycle, one finds that EA(MF 6) must exceed 134 kcal 

mole-1 to give ~Go298 ~ O. Whether or not this is the case for OsF 6 is 

not resolved, since ONF and OsF 6 do react l7 , not according to (21), but 

to give NOOsF 7. 

v) ReF 6 : + -NO and ReF 6 combine to give the salt NO ReF 6 ' which is 

involatile at 298K. Assuming that the dissociation enthalpy of NO+ReF 6 

+ -is about the same as that of O2 PtF 6 ' from the ionization potential of 

NO (213 kcal) and the lattice enthalpy of NOReF 6 (-133 kcal), we obtain 

EA(ReF 6) ) 117 - 118 kcal mole-I. 

If we take the electron affinities to increase linearly from ReF 6 

to PtF 6 , then from EA(ReF 6) = 117 and EA(PtF 6) = 182, we obtain 

EA(OsF 6) = 139 and EA(IrF 6) = 160 kcal mole-I. Extrapolation to WF6 

gives EA(WF 6) =95 kcal mole-I. 

2. Fluoride ion donors 

i) XeF 6 : The standard enthalpy of the reaction XeF 6(g) = XeF 5+(g) 

+ F-(g) has been measured by photoelectron spectroscopy18 and found to 

be 210 kcal mole-I. From the observed ease of sublimation of XeF 5+GeF 5-

at ca. 40°C, the enthalpy of the reaction: 

(22) 

may be estimated. If the vapor pressure is 25 - 50 torr at 313 K, then 

~Go313 is -4 to -5 kcal mole-I, and from the T~So estimate in Table IV-l 

• 

<I 

• 
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(-26 kcal mole-I), we calculate ~Ho = -30 kcal mole-I. The calculated 

lattice enthalpy is, -133 kcal, and the fluoride ion affinity of GeF 4 is 

100 kcal (from Chapter III), and so we find ~HO(XeF6(g) = XeFS+(g) + 

F-(g)) =202 kcal mole-I. 

ii) CIF3 : The enthalpy of dissociation of two salts of the CIF 2+ 

ion has been measured from dissociation vapor pressure data. For 

(23) 

~o298 -24 kcal mole-1 wasfound19 , while for the PF 6 salt: 

(24) 

~Ho298 = -16 kcal has been reported20 • The lattice enthalpies of 

CIF 2+BF4- and ClF 2+PF 6- are estimated to be -ISO and -139 kcal mole-I, 

respectively. Since the fluoride ion affinity of BF3 is 92 kcal (see 

Chapter III), and that of PFs is 101 kcal21 , we calculate ~HO(ClF3(g) = 

ClF 2+ + F-(g)) = 218 kcal from the BF 3 cycle and 224 kcal from the PF S 

cycle. Since the salt CIF 2+GeF S- does not form when ClF 3 and GeF 4 are 

combined at 273 K, the enthalpy of the reaction: 

(2S) 

cannot be more exothermic than about -21 kcal mole- I (T~SO is estimated 

at -23 kcal). If the lattice enthalpy of ClF 2GeF S is -144 kcal, then 

~O(CIF3(g) = CIF 2+(g) + F-(g)) is ) 223 kcal mole-I. It seems likely 

that the value of 218 kcal mole- I derived from the BF3 cycle is too low, 

since the corresponding enthalpy for CI02F(g) = CI02+(g) + F-(g) is 217 

kcal, and since CI02F and GeF 4 combine to form the stable salt 

Cl02+GeF S-. The lattice enthalpies of CI02+GeF S- and CIF 2+GeF S- cannot 

be very different, and their sublimation entropies must be quite close. 

iii) IF7: The reaction: 

IF 7(g) + XeF S+AsF 6-(S) = IF 6+AsF 6-(S) + XeF 6(g) (26) 
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does not proceed spontaneously22 at 298 K. We calculate in this case 

T~So = 4 kcal mole- 1 and expect a lattice energy difference of 3 kcal 

mole-1 (endothermic), and so the standard enthalpy change for 

(27) 

must be at least 1 to 2 kcal greater than the corresponding XeF 6 

dissociation enthalpy. Thus for (27), ~Ho ~ 204 kcal mole-I. 

Since the reaction 

(28) 

appears to proceed only near O°C and under several atmospheres of GeF 4 , 

we expect ~Go273 ~ +2 kcal mole-1 and from T~So = -20 kcal we obtain 

~Ho ~ -18 kcal mole-I. The lattice enthalpy of IF 6+GeF 5- is expected to 

be -129 kcal, and so the calculated value for ~HO(27) is ca. +211 kcal 

mole-I. 

3. Arsenic pentafluoride 

The fluoride ion affinity of AsF5 may be evaluated by completing 

+ - +-Born-Haber cy~les for SF 3 AsF 6 and IF6 AsF 6 • The dissociation 

pressures of both of these compounds have been measured as a function of 

temperature; unfortunately, the accuracy of these measurements is in 

question, because in both experiments the compound was found to attack 

its container to give volatile products. For the reaction: 

(29) 

~Ho = -44 kcal and ~So = 121 e.u. were reported23 • Such a large 

enthalpy change implies a ~luoride ion affinity of 129 for AsF 5 , using 

~OL(IF6+AsF6-) = -126 kcal and ~O(27) = +211 kcal. This fluoride ion 

affinity is undoubtedly too high, since no ReF7 - AsF5 adduct is 

observed at low temperature, and since the enthalpy change for the 

process: 

( 

( 
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ReF 7(g) = ReF 6+(g) + F-(g) (30) 

has been reliably estimated24 at , 223(5) kcal mole-I. The entropy 

change for (29) is expected from the S0298 - volume correlation to be 72 

e.u.; the reported value of 121 e.u. lies quite £ar from this 

-
expectation, as is probably in error. 

+ -When IF6 AsF 6 was heated to 50°C, no vapor pressure was 

detectable, using the pressure transmitter gauge described in Chapter 

III. If we take P323 ~ 5 torr, then ~Go323 ' -7.3 kcal and, from T~So = 

-23 kcal, we calculate ~Ho ~ -30 kcal mole-1 for (29). This indicates 

that the fluoride ion affinity of AsF 5 is ) 115 kcal mole-I. 

The enthalpy change for: 

(31) 

has been reported25 to be -31 kcal mole-I, with ~So = 65 e.u. Since the 

estimated lattice enthalpy of SF3+AsF 6- is -134 kcal, and ~HO(SF4(g) = 

SF3+(g) + F-(g)) = +211 kcal (from Chapter III), we obtain a value of 

108 kcal mole -1 for the AsF 5 fluoride ion affinity. The ca. 115 kcal 

value is preferred because of .the problems associated with the 

measurement of ~HO(31). 

We are now in a position to evaluate the free energy change for: 

M = P, As (32) 

The heats of formation26 of AsF 5 , AsF 3 , PFS' and PF 3 are 29S.7, 197.9, 

377.2, and 228.7 kcal mole-I, respectively. From the fluoride ion 

affinities of AsF S (lIS kcal) and PFs (101 kcal), the heat of formation 

of F- (-62 kcal), and th~ heats of formation above we calculate ~O(32) 

= -89, -128 kcal for M = P, As. Combining this ~Ho with the expected 

T~So value (-2 kcal) we obtain ~Go298(32) = -87, -126 kcal for M = P, 

As. One can see that the oxidizing power of AsF S by this reaction is 
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inferior to that of OsF 6 and UF 6 , which intercalate graphite 

spontaneously; it is significantly greater than that of ReF 6, which does 

not intercalate. The ready reduction27 of graphite/AsF 6- salts with 

AsF 3 (to produce AsF 5), demonstrates that the free energy change of (32) 

for M = As (-126 kcal mole-I) lies very near the thermodynamic threshold 

for intercalation of graphite by electron oxidizers. 

Summary 

From existing thermodynamic data and from estimates of the 

appropriate reaction entropies and lattice energies, the electron and 

fluoride ion affinities of a number of molecular and ionic fluorides 

have been re-evaluated using a Born-Haber cycle approach. Estimates of 

the electron affinities were as follows: PtF 6 , 182; RuF 6 , 176; RhF 6 , 

176; IrF6 , ~160; OsF 6 , 139;, ReF 6 , 117 kcal mole-I. Estimates of 

fluoride ion affinities gave: AsF 5 , 115; XeF 5+, 202; CIF 2+, 223; IF6+' 

211 kcal mole-I. 
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Table IV-I. Calculated reaction entropies. 

Reaction 
o 

(S298 in parentheses) 

+ -
02(g) + HF 6(g) = 02 MF6 (s) (~1 = Ir,Pt,Ru,Rh) 

298 22 
373 28 

(49) (82) (S7) 

NO(g) + ReF
6

(g) 
+ 

NO ReF
6 

(s) 298 23 

(SO) (82) (S6) 

+ -
XeF

6
(g) + GeF4(g) = XeFS GeF

S 
(s) 313 26 

(8S) (72) (7S) 

CIF
3
(g) + BF

3
(g) 

+ -
= elf 2 BF 4 (s) 298 2S 

(68) (61) (46) 

CIF
3

(g) + PFS(g) 
+ -= CIF

2 
PF

6 
(s) 298 23 

(68) (72) ( 62) 

CIF
3

(g) + GeF
4
(g) 

+ -
= CIF

2 
GeFS(s) 273 23 

(68) (72) ( S4) 

+ - + 
IF

7
(g) + XeFS AsF

6 
(s) = IF6 AsF

6 
(s) + XeF

6
(g) 298 -4 

(88) (76) (94) (8S) 

IF
7
(g) + GeF

4
(g) 

+ -
= IF 6 G eF S (s) 

(88) (72) (8S) 

IF
7
(g) + AsFS(g) 

+ -= IF6 AsF 6 (s) 

(88) (78) (94) 

SF
4

(g) + AsFS{g) 
+ = SF

3 
AsF

6 
(s) 

(72) (78) (71) 

3/2AsF
S

(g) 

(117) 

+ e = AsF
6 

(g) + ~AsF3(g) 

(S) (82) (34) 

3/2PF
S

(g) + e = PF
6
-(g) + ~PF3(g) 

(l08) (S) (76) (31) 

273 20 

323 23 

323 26 

298 2 

298 2 
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Table IV-2. Calculated lattice enthalpies. 

compound 

+ 
02 MF 6 

03 
formula unit volume(A ) 

123 

(H = Pt,Ir,Ru,Rh) 

+ NO ReF 6 127 

+ 
XeFS GeF S 171 

+ 
C1F 2 BF4 105 

+ 
elf 2 PF 6 140 

+ -
C1F

2 
GeF

S 
122 

+ 
XeFS AsF 6 193 

+ 
IF 6 AsF 6 214 

+ 193 IF 6 GeF 5 

+ 
SF3 AsF

6 162 

-6Ho 
(kcal/mole) 

L 

134 

133 

133 

150 

139 

144 

129 

126 

129 

134 
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CHAPTER V 

SOME NEW METAL FLUORIDE AND HYDROFLUORIDE 

INTERCALATION COMPOUNDS OF GRAPHITE 

A. Introduction 

Highly oxidized intercalation compounds of graphite have be~n known 

for quite some time l . These compounds were formulated as graphite salts 

nearly half a century ago2 ; while the controversy still rages as to its 

extent3 , it is clear that in most cases of oxidative intercalation, 

electron transfer from the graphite host to the intercalant occurs. In 

some cases there is as much as one electron transferred for every six or 

eight carbon atoms 4 , and yet in this process the structural integrity of 

the carbon sheets is remarkably preserved; the change in the intralayer 

C - C distance with intercalation is seldom more that about .003 A. 

In this chapter the synthesis and properties of some new 

intercalation compounds are described: some metal fluoride and 

hydro fluoride graphite salts, and a series of graphite hydrofluorides 

which treads the line between a salt and a covalent compound. The 

latter series of compounds represents the highest degree of oxidation 

yet observed for carbon sheets which retain their planarity, electrical 

conductivity, and near constancy of the intralayer C - C distance. The 

bonding of fluorine to carbon in these compounds is weak and may, for 

most of the series, be reversed chemically (to form graphite salts) or 

electrochemically (to form graphite). 

The graphite used in these experiments was obtained from two 

sources: highly ordered pyrolytic graphite (HOPG) was graciously 

supplied by Dr. Arthur Moore of Union Carbide, Carbon Products Division, 
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Parma, Ohio. This was used either in monolithic pieces (1 cm. x 1 cm. x 

0.1 cm.), or in powdered form (particle size 0.1 - 0.7 mm.). Union 

Carbide SP-1 graphite powder (particle size - 0.3 mm.) was also used. 

Both SP-1 and HOPG powders show a high degree of order in their x-ray 

diffraction patterns and have hexagonal unit cell dimensions: a = 

2.461(2), ~ = 6.706(5) A. In all cases the graphite was heated in vacuo 

to a red glow and then subjected to mild fluorination (ca. 200 torr for 

one hour) at room temperature before intercalation. Similar 

experimental results were generally obtained from either HOPG powder or 

SP-1; however the large variation in particle size of the HOPG powder 

sometimes led· to an inhomogeneous product. 

B. Reactions of graphite with MFx Lewis acids and fluorine 

1. Graphite/SiF 4/F 2 

Since the free energy change for the half~cell reaction: 

SiF 4(g) +1/2 F2(g) + e- = SiF 5-(g) 

has been estimated5 to be about -123 kcal mole-I, while that of 

3/2 AsF 5 ( g) + e = AsF 6 - + liz AsF 3 (g) 

is comparable (-126 kcal, from Chapter IV), it seemed reasonable that a 

graphite salt of SiFS- or SiF 6
2- could be prepared. Previous attempts 

to prepare such salts were not successful6 • 

HOPG powder (9.0 mmol) was reacted for one day at 60°C in a small 

(- 10 cc volume) Monel bomb, with excess SiF 4 (4.1 mmol) and F2(4.1 

mmol); the pressure inside the bomb was estimated at 10-15 atm. The 

product of this reaction was a black, vacuum stable powder which 

contained approximately 80% carbon by elemental analysis. The x-ray 

powder pattern of this material established (see Table V-I) that it was 

a third-stage graphite salt with unit cell dimensions a = 2.463(5), c = 
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14.70(3) A. SiF 4 was displaced from this powder when it was reacted 

with either PF S' AsF S ' or HF. 

Subsequent experiments7 (conducted by Mr. Guy Rosenthal) 

established that a second stage salt could be prepared and that its 

composition was C24+SiF S-' 

2. Graphite/AlF 3/!2 

Since AlF3 is involatile and does not dissolve in HF or other 

suitable solvents, its intercalation into graphite would be expected to 

be hampered kinetically. However, the fluoride ion affinity of gaseous 

AlF3 has been reported to be in excess of 100 kcal mole-I. Also, 

intercalated fluoroaluminates might be of interest electrochemically 

since the (AlF 4)nn-, (AlF S)n2n-, and AlF 6
3- ions.all exist in salts. 

Graphite is known to react with AlC1 3 in the presence of 

chlorine. Following the literature method8 , freshly sublimed AlC13 

(excess) was reacted with HOPG powder (8.S mmol), at 2S0°C, in a quartz 

reactor under SOO torr C1 2• The excess AlC13 , which sublimed to the 

cool end of the tube, was periodically shaken back onto the graphite. 

After 24 hours, the excess AlC13 was removed by sublimation. The 

product of the reaction was a pure second stage salt, a = 2.4S7(3), c = 

12.79(2) A, of composition C20AlC13+o' with 0 0.5. 

When C2oA1C13+o was reacted with gaseous fluorine (2 atm.) at -78°C 

or at ambient temperature, fluorine uptake by the sample was slight and 

no change was observ~d in the x-ray powder pattern. At higher fluorine 

pressures (10-20 atm.) the reaction produced chlorine fluorides and 

oxyfluorides and carbon tetrafluoride as gaseous products, and graphite 

and AlF3 as the solid products. The loss of aluminum halide from the 

graphite galleries is apparently driven by the stability of solid AlF 3 ; 
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that is, the fluoride ion affinity of solid AlF3 is significantly 

inferior to that of gaseous AlF 3, the difference being the enthalpy of 

sublimation. This poor fluoride ion affinity thus renders Cxo+ALF3+oo-

thermodynamically unstable relative to graphite, AlF 3 , and F2 • 

3. Graphite/SnF 4/F 2 

The discovery9 that both GeF 5 - and GeF 62- salts of graphite may be 

prepared, and the fact that (SnF5)~n- and SnF6
2- ions occur in the solid 

state, stimulated an investigation of the graphite-SnF 4 system. 

When HOPG powder is reacted with SnF 4 (dissolved in anhydrous HF, 

under two atmospheres F2 pressure) or with (N02+)2SnF62- (in HF 

solution, with no added F2), a blue-black material of approximate 

composition C34SnF x is obtained. The x-ray powder pattern of this 

compound (Table V-2) indicates a second stage compound, ~ = 2.454(4), c 

= 11.62(5) A. Gravimetric determinations gave x = 9:"'10, and so "extra" 

fluorine or HF is taken up by the graphite in these preparations. In 

accord with this observation is the presence of a non-indexable line in 

the x-ray powder pattern at d = 6.38 A. This was later found to be the 

strongest line in the pattern of the graphite hydrofluoride 

The tin to fluorine atomic ratio in the graphite - SnF x phase is 

uncertain. For doubly charged anions the coulombic force is greater and 

so a small ~-axis spacing is expected; thus, C24 2+PtF 6 2- has4 ~ = 

A 2+ 2- 9 A + -10.9 , and C24 GeF 6 has ~ = 11.2 , while for C24 GeF 5 ' c = 11.5 A 

was reported9 • The relatively large ~-axis spacing of the second stage 

SnFx phase may indicate x < 6. 

No fluorine uptake is observed, nor is there any change in the x-

ray powder pattern, when C34SnF x is subjected to two atmosphe.res 
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pressure of fluorine for one day. 

C. Intercalation compounds of graphite with HF and F2 

It is well known that graphite and fluorine do not interact at room 

temperature and ordinary pressures. At higher temperatures (380 

600°C) a reaction does occur to produce the fluorides (CF)n and 

(C2F)n. In these lamellar compounds, fluorine atoms are known to bind 

covalently to the carbon atoms, which are arranged in puckered 

sheets10 ,11. As a consequence of the tetrahedral geometry of the carbon 

atoms in these sheets, (CF)n and (C2F)n are electrical insulators. 

When the reaction is catalyzed by gaseous HF, graphite does 

. intercalate fluorine spontaneously at room temperature. The first 

accounts12 of such a reaction describe the first stage compounds 

CxF1_<5(HF)<5' where 3.57 < x < 4.03 and <5 was assumed to be small. Later 

studies13 ,14 have shown that <5 is appreciable (0.27 - 0.34); elemental 

analysis is not always performed, however, and numerous reports have 

appeared in the literature15 ,16,17,18 of experiments involving "C4F", 

and indeed "C4F" is available commercially. The prejudice towards this 

stoichiometric formulation is perhaps motivated by the C4F structure 

originally proposed12 from x-ray powder diffraction; in it the fluorines 

are covalently bound to the carbon atoms of an apparently planar sheet, 

and the fluorine to carbon distance, which cannot be unequivocally 

determined, is assumed to be 1.4-1.5 A. The present study has 

established that the composition range for first stage CxF1_<5(HF)<5 is in 

fact much larger than previously described, with x varying between 1.95 

and about 5 or 6. 

The interaction of graphite and fluorine in liquid HF (in a quartz 

vessel) has been reported to result in the formation of hydrofluoride 
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19 +-salts C24n HF Z '4HF, where n is the stage. In the present study not 

these, but new hydrofluoride salts of graphite, were observed. 

1. Graphite bifluorides 

i) Preparation: When graphite (HOPG chips or powder, or SP-1 

powder) is shaken together with fluorine (Z atm.) in the presence of 

excess anhydrous, liquid HF, immediate fluorine uptake and a slight 

warming of the HF occurs. The reaction may be followed tensi-

metrically: when one atom of fluorine has been taken up for every lS-Z0 

carbon atoms, a pure third-stage compound, C_1SHF Z' is obtained after 

pumping. Allowing more fluorine uptake, one obtains a mixture of the 

third and second stages, and with still more fluorine- the pure second 

stage compound of composition Cll-14HFZ' Hydrogen analysis consistently 

gave H/F ratios in the range 0.46 - 0.60 for these samples. 

ii) Crystal structure: The OOt diffraction patterns of C1SHF Z and 

C1ZHF Z prepared from HOPG chips are shown in figure V-I. Diffraction 

lines persist to high angle, and so it is clear that these compounds 

possess a high degree of ordering in the ~-axis direction. From the OOt 

intensity data the relative positions of the carbon and fluorine atoms 

along the z-axis were determined20; the observed and calculated 

intensities, and atomic z-parameters, are listed in Table V-3, and the 

structure of C1ZHF Z is depicted in figure V-2. In both structures the 

fluorine atoms lie nearly midway between the enclosing carbon sheets, 

the elevation of the fluorine atoms above the nearest carbon atom plane 

being about Z.S A. Since the sum of the van der Waals' radii of carbon 

and fluorine is about 3.0 A, the structures establish that the ionic 

+ - +-formulations C1Z HF Z and CIS HF2 are appropriate. 

X-ray powder (Debye-Scherrer) diffraction data for Cll.Z+HF Z- are 
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given in table V-4. The observed d-spacings require that t~e c-axis of 

the cell be 19.47 A; twice that of the primitive cell required by the 

OO~ data. The ordering of the hkO intensities is the same as in 

hexagonal graphite, which suggests that the superlattice is a 

consequence of the carbon layer stacking AB/BA/AB ••• (the stacking 

sequence is ABAB ••• in hexagonal graphite and ABCABC ••• in rhombohedral 

graphite). This sequence provides an equal number of A and B layers in 

the hkO projection, and also accounts for the doubled unit cell with 

systematically absent OO~, ~ * 2n and hh~, ~ * 2n. The fluorine atom 

array is likely (see section iii) to be highly disordered in the ab 

plane. In order to locate the flu9rine atoms crystallographically, the 

visually estimated powder intensities must be corrected for absorption 

effects (which diminish the intensity of low angle lines) and for 

preferred orientation of the powder grains (which greatly enhances hkO 

intensity relative to hk~ and. OO~). In Table V-4 the visually estimated 

intensities for hk~ lines are compared with those calculated assuming 

that only the carbon atoms contribute to the scattering (calculated hkO 

intensities were arbitrarily multiplied by 4 to correct for preferred 

orientation). One sees that the gross features of the diffraction 

pattern are accounted for by this model; however, the fluorine atoms 

must contribute in a small way to the hkt scattering, perhaps because 

they prefer certain sites in the ab plane. The intensity data are 

unfortunately not of sufficient quality to distinguish these sites. 

iii) 19F - nmr of graphite bifluoride: The 19F - nmr spectrum of a 

powder sample containing a mixture of the two phases, C2.15FO.83(HF)O.17 

and CxHF2 (x - 12) was run by Dr. H. Resing and coworkers21 at a 

fluorine resonance frequency of 56.45 MHz. The spectrum showed both 
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broad and narrow-line components; the latter may be ascribed 

exclusively to the bifluoride phase, since 1H spectra22 of 

C2.15F1-0(HF)0 show that the HF species contained in it undergo hindered 

rotation or exchange (i.e., a broadened line) at 300 K on a 360 MHz 

instrument; the fluorine lines of C2 • 15F l-o(HF) 0 are therefore expected 

to be broadened at room temperature and below by dipolar couplings. The 

narrow line component attributed to C-12HF 2 shows no broadening, even at 

the lowest temperature accessible in the experiment (150 K). Figure V-

3a shows the narrow line; it is situated at 0 = -188(1) ppm (upfield 

from CFC13) and has a full width at half maximum of 21 ppm. There is a 

marked assymetry, the low field side of the line being most intense. 

Since the chemical shift tensors, like the graphite lattice, must 

possess uniaxial symmetry, it is most reasonable to ascribe the 

assymetry of the peak to the two components of the chemical shift, oil 

and 01 , of the fluorine nuclei. For a randomly oriented powder grain, 

the B 1 c -axis orientation is twice as likely as BII.:=.., so the low 

field extremum of the peak must represent °1 • Similar results have been 

obtained21 for first stage graphite/ AsF 5' where 0 II - 01 = -15 ppm, and 

for graphite/HS03F, where 0 II - 01 = -80 ppm. 

For the chemical shift anisotropy to be manifested in the spectrum, 

dipolar interactions of the fluorine nuclei and protons must by averaged 

away by some motional process. Complete dipolar averaging for molecular 

species such as bifluoride (HF2-) or other hydrofluoride ions (e.g., 

H2F3-' H3F4-) requires either isotropic rotation of, the ions (which 

would average away the chemical shift anisotropy as well), or exchange 

of fluorine nuclei between ions; the latter preserves the shift 

anisotropy, provided all of the ions have.a preferred orientation in the 
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graphite gallery. This seems to be the most plausible explanation, 

particularly in light of the x-ray structural data. The activation 

enthalpy for the exchange process must be less that about S-6 kcal 

mole-1 for the line to be narrowed by this rapid chemical exchange at 

ISO K. In contrast, the activation enthalpy for proton exchange in 

C2.1SFO.83(HF)0.17' which shows incipient line narrowing at 300 K, is 

about 11-12 kcal mole-I. 

iv) Electrical conductivity of CxHF 2 : The ab plane electrical 

conductivities of several graphite bifluoride samples were measured in 

collaboration with Dr. T.E. Thompson of SRI International, Menlo Park, 

Ca., using the contactless rf method23 ; the exact experimental procedure 

has been discussed elsewhere4 ,6. Results are presented in Table V-S for 

various compositions of CxHF 2• The per-plane conductivity is 1.4 - 2.0 

times that of graphite for second-stage and roughly 5 times that of 

graphite for third-stage compositions. Loss of conductivity, with high 

concentration of (charged) guest species, has been observed in other 

graphite intercalation compounds4 ,6. 

Graphite itself is a semimetal, with a small density of electronic 

states at the Fermi energy (~) and a much higher density of states 

above and below~. The enhanced ab-plane conductivity of oxidatively 

intercalated graphites is generally explained in terms of the equation 

cr = ne~, where n is the number of carriers. Intercalation greatly 

increases the number of carriers, as ~ sinks to a region of high 

density of states (the sheet is doped with holes). The more the Fermi 

energy is displaced into the valence band, the higher the density of 

states, since the dispersion curve is roughly parabolic. The carrier 

mobility decreases, however, when the charge on the graphite sheets 
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becomes very high, because holes are localized in the vicinity of 

intercalated anions. In addition, structural distortions4 of the sheet 

may arise from Fermi surface instabilities akin to the Peierls 

distortion in a one dimensional metal; hence the density of states again 

is decreased near EF , and the number of carriers diminishes. Such 

distortions are known for two dimensional metals such as the group VB 

dichalcogenides24 • Another explanation for the loss of conductivity at 

high concentrations of intercalant proposes a charging limit of C-20+ 

which cannot be exceeded for acceptor intercalants. Past this point 

covalent bonds are thought to be formed between the graphite sheets and 

the intercalating species; concomitant out-of-plane puckering of carbon 

atoms is then thought to cause loss of hole mobility. This limit seems 

+ - +-unlikely, however, in light of the C12 HF2 and C14 AsF6 crystal 

structures26 • In neither structure does the anion approach to within 

bonding distance of the carbon atoms. 

2. First stage graphite hydrofluorides 

i) Preparation: All efforts to produce a first stage bifluoride 

+ -akin to C12 HF2 were unsuccessful. Instead, it was found that 

treatment of graphite powder with F2 and liquid or gaseous HF produced, 

after one day of pumping, first stage hydro fluorides of the general 

formula C~l-o(HF)o' where x/a - 12 and 2 ( x ( 5 - 6. 

ii) Powder patterns and structure of Ch-o(HF)5: These compounds 

are hexagonal with nearly constant ~-axis and smoothly varying ~-axis 

dimensions; no superlattice lines are apparent in the rather simple 

diffraction patterns. X-ray powder data for x = 2.8 and x = 2.5, which 

are typical of the entire series, are presented in Table V-6. The 

breadth of the OOt lines, and the fact that their intensity rapidly 
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decreases with increasing Bragg angle, suggest that the degree of 

ordering in the ~-axis direction is poor. The ~-spacing thus represents 

only an average interlayer distance. The relative intensities of 001 

and 002 also indicate that the fluorine atoms do not lie midway between 

the carbon sheets. 

The ordering of the hkO intensities (these lines are sharp and 

persist to high Bragg angle) suggests that the layering sequence of the 

sheets is AAA ••• ; however a perfect alignment of the carbon atoms, with 

eclipsing fluorines, does not reproduce the observed intensities, but 

gives 1(200) > 1(210). The correct ordering of the intensities (Table 

V-6) is obtained by displacing the fluorine atoms away for the eclipsed 

position by .08 A, along the direction of the C - C bond. Equivalently, 

a slight displacement of some of the carbon atom density away from x,y = 

±(1/3, 2/3) will give the correct ordering. This may be a consequence 

of small distortions away from hexagonal symmetry of the individual 

carbon sheets; threefold disordering of orthorhombically distorted 

sheets will result in the observed hexagonal diffraction symmetry. 

From this structural data, it appears that the fluorine atoms are 

. bound to carbon; unfortunately, like Rudorff 12 , we cannot determine the 

C - F bond distance. The constancy of the ~-spacing (Table V-7) and 

sharpness of the hkO lines argues strongly for planar carbon sheets in 

the series (the case for planarity is borne out by the vibrational 

spectra of C~l-o(HF)o' which are discussed in section vii). 

iii) Physical properties: Compounds in the series C~l-o(HF)o are 

black in color and are insensitive to air and moisture, at least over a 

period of several days. If not thoroughly pumped, they will lose small 

amounts of HF on standing and so can attack glass. Preparations in the 



108 

series which were analyzed for hydrogen generally showed c/H atomic 

ratios of 11-lZ. Examples are CZ.05FHO.18 (C/H = 11.6), Cz.7oFHo.zz 

(C/H = 12.3) and C3.7SFHO.33 (C/H = 11.4). Warming CZ.05FHO.18 at 140°C 

in vacuo for two days brings about the loss of some HF to give a 

composition C2.25FHO.09. The c-axis spacing of this heated material 

shrinks from 6.25 to 5.9Z A, but the.!:.spacing remains constant at 

2.464·A. Heating to 350°C causes further c-axis contraction (to 5.65 A) 

with no significant change in a. 

The lattice parameters and electrical resistivities of the members 

of this series are shown in Table V-7. The resistivity shows a dramatic 

increase (by ten orders of magnitude) between C/F = 5.2 and c/F = 2, the 

marked upturn in p occurring near C/F - 2.7. Near the high p end of the 

series, the .!:.-spacing expands by - 0.01 A, indicating a slight weakening 

of the C - C bond at these compositions. For conducting members of the 

series, C/F ~ 2.3, the logarithm of the resistivity was found to 

decrease slightly with increasing temperature, the activation energy for 

carrier generation being on the order of .005 eV for C/F = 3.7 and .02 

eV for C/F = Z.4. Such behavior is characteristic of a semimetal or a 

doped semiconductor. The most likely doping mechanism is through 

creation of holes by fOrming HF Z- ions; unfortunately, Hall effect 

measurements, which could distinguish between the two conduction 

mechanisms, were not performed. 

iv) XPS spectrum of C2.s!J-o(HF)o: X-ray photoelectron spectra 

were recorded by Dr. K.D. Bomben and Prof. W.L. Jolly, using a freshly 

cleaved sample of C2 •5F1- o(HF)o, which had been prepared by exhaustive 

fluorination (2 weeks) of an HOPG chip in the presence of liquid HF. 

The binding energies obtained (reported here relative to the C Is level 
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of a graphite standard, 284.2 eV) are compared in Table V-8 to those of 

other compounds. The binding energy of fluorine in this sample is 

intermediate between that of fluorine in LiP and fluorine in teflon or 

(C2F)n' This suggests that the fluorine bears a partial negative charge 

and that the C - F bond herefore has semi-ionic character. The carbon 

binding energy indicates that the bulk of the carbon resembles carbon in 

graphite, and not in (C2F)n or teflon where the carbon coordination 

geometry is tetrahedral. 

v) 19F and 1H nmr spectra of C2.1~.83(HF)0.17: The 

1~ nmr spectrum, recorded by Resing and coworkers 21 , is shown in figure 

V-3b. It consists of a single broad resonance line, centered at -188 

ppm relative to CFC13 , upon which is superimposed the narrow line 

resonance of + -some C12 HF2 in the sample. The broad line shows no sign 

of motional narrowing at 300 K· , a gaussian fit to the temperature 

independent lineshape of the broad line indicates a fluorine second 

moment of 4.4 gauss 2• The magnitude of the second moment may be derived 

from the structure by the van Vleck formula28 , which is a summation in 

r-6 of the interactions bet~een dipolar nuclei in the solid. The 

presence of both fluorine and hydrogen in the C2.1SFO.83(HF)0.17 phase 

unfortunately limits the utility of the measurement, since many possible 

structures will give rise to the observed second moment. It is clear, 

nevertheless, that the fluorine nuclei do not undergo motional averaging 

at 300 K. 

The proton spectrum of a sample of C2.1SF1-o(HF)o which was free of 

+ -C12 HF2 was recorded by Dr. K. Zilm, and is shown in figure V-4. The 

width of the proton line (37 ppm) may be ascribed to dipolar 

interactions which are, at 300 K, beginning to be averaged away by 
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hindered rotation or exchange of the proton-containing species. The 

activation enthalpy for this process is about 11-12 kcal mole-I. 

It is clear that the HF in Cx!l-o(HF)o interacts strongly with the 

host lattice. The most likely HF binding mechanism is through hydrogen 

bonds to the C - F fluorines which appear, from the XPS, to bear a 

partial negative charge. Two other -models for HF interaction also seem 

plausib"re: binding of the HF fluorine to carbon or formation of ionic 

species, such as HF 2-, in the galleries. In the case of the former 

model, we expect the ratio of aromatic to C - F carbon atoms in 

C2.05FO.82(HF)0.18 to be 1.05:1 (1.6(2):1 was found -- see section 

vi). For the latter model, formation of a large concentration of anions 

in the galleries, and equivalent hole concentrations in the carbon 

sheets, should give rise to electronic conduction in C2.05FO.82(HF)0.lS. 

The observed resistivity of this compound is however in excess of 

107 n - cm. 

vi) l3C nmr of CJ' l-o(HF) 0: l3C nmr spectra of powders for which 

c/F = 3.70 and C/F = 2.05 were run by Drs. B.L. Hawkins and G.E. Maciel 

of the Regional NMR Facility, Colorado State University, Fort Collins, 

Colorado. The technique used was that of 19F + 13C cross-polarization 

(which greatly enhances the 13C signal and at the same time removes the 

19F scalar and dipolar couplings) and magic angle spinning (which 

averages out chemical shift anisotropy). The pulse sequences used were 

standard29 : a 90° pulse, followed by a 19F spin-locking (and decoupling) 

pulse causes the 19F magnetization to decay with a characteristic time 

TIp. The 13C spins are brought into contact with the 19F spins, and so 

magnetized, by supplying a pulse-which satisfies the Hartmann-Hahn 

double resonance condition30 for a time t (the cross-polarization 
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i'nterval). Since the characteristic cross-relaxation time of the ith 

carbon spin, TCF i , depends on the strength of the dipolar coupling with 

its 19F nearest neighbors, the observed spectral intensity, which 

depends on TIp' t, and TCF i , will be sensitive to the distance between 

Ci and the nearest fluorine atoms. 

A representative spectrum is shown in figure V-5. For both C/F 

ratios (3.70 and 2.05), two peaks', separated by 47 ppm, are observed; 

the similarity of the spectra suggests that the same bonding 

environments are found in both compounds. The low field peak (0 = +135 

ppm relative to TMS) shows spinning sidebands, displaced ± 97 ppm from 

the central peak, which indicates a large chemical shift anisotropy for 

these carbons.- This chemical shift and shift anisotropy are 

characteristic of aromatic (i.e., graphite-like) carbons. The high 

field peak is attributed to carbon atoms which are attached directly to 

fluorines. In addition to these, a small peak at 112 ppm may be 

resolved in some of the spectra. This peak is attributed to a small 

concentration of )CF 2 carbon atoms, which are probably located at the 

surface of the powder g~ains. The infrared spectrum (section vii) also 

shows evidence of these )CF 2 groups. 

The ratio of the two kinds of carbon, their TCF's, and the fluorine 

TIp' may be determined by varying the contact time t. Figure V-6 shows 

the spectrum of C2.05FO.82(HF)0.18 as a function of contact time. Note 

that the high field peak is magnetized more quickly tha~ the graphitic 

peak, indicating direct attachment of fluorine. The magnetization of 

the ith carbons is given by31: 

Mi = kNi[l -TCFi/TIP]-l[exp(-t/TIP) - exp(-t/TCF
i )] 

where Ni is the relative concentration of the i spins and k is an 
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instrumental constant. A six-parameter fit gives the cross-relaxation 

times and the ratio of the two kinds of carbon from the integrated 

intensities (Table V-9). The fit is quite good for the high field~peak; 

for the graphitic peak, a satisfactory fit can only be obtained from the 

superposition of approximately equal concentrations of spins with short 

(0.40(S) msec) and long (2.49(8)msec) values of TCF • The ratio of 

graphitic to non-graphitic carbons in C2.0SFO.82(HF)0.18 is 1.6(2):1, 

close to the expected 1.S0, assuming that the HF is not bound to carbon 

or present as HF 2-. This indicates that the carbon atoms which are 

bonded to fluorine do not do so via three-center, four electron F-C-F 

bonds (a model which would account for the semi-ionic character of the 

F - C bond), but instead attach to a single fluorine" atom. 

The 13C nmr spectra are consistent with a structure like that 

proposed by RUdorff for tetracarbon monofluoride12 • The persistence of 

graphitic carbon, even at C/F ratios as low as two, suggests that 

delocalized TI-bonding is maintained in the carbon sheets. 

vii) Vibrational spectra of Cx!l-8(HF)o: Transmission infrared 

spectra of C2•SF1- 0(HF)o were recorded by Mr. Morgan P. Conrad. The 

sample was prepared by grinding a chip of Nasa graphite in such a way 

that the ~-axis lay in the plane of the resulting thin flake. This 

arrangement exploits the high conductivity anisotropy of graphite and 

its compounds; electromagnetic radiation may be transmitted through the 

graphite provided its electric vector is aligned parallel to the~­

axis. The flake was intercalated by reaction with fluorine and HF 

vapor, and the resulting i.r. spectrum is shown in figure V-7. An 

enormous absorption, centered at about 1090 cm-1, is attributed to C - F 

stretching. Comparison with the C - F stretching frequencies in (CF)n 
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and (C2F)n' which are 1219 and 1221 cm-1 , respectively, indicates a 

C - F bond order of slightly less than unity. Bands situated at 1587 

and 850 cm-1 are assigned to C - C stretching and carbon out-of-plane 

motions; these vibrations, also found in the Raman spectra (below), are 

known for graphite itself and occur at practically the same 

frequency32. The 1270 band, which lies in the C - F stretching region, 

may arise from a small concentration of )CF2 groups at the surface of 

the chip. 

Raman spectra (figure V-8) were recorded from powdered samples for 

several compositions. The spectra are all virtually identical to the 

spectrum of graphite powder32 , except that the Raman relative of the 850 

cm-1 i.r. band is seen (at 839 cm-1), and a broad band at 1355 cm-1 is 

also observed. Such a band is seen in graphite powder which is poorly 

ordered or which has been disordered by grinding, and has been 

attributed to a Brillouin zone boundary mode which is Raman inactive in 

crystallites of large extent33 ; it is essentially an in-plane ring­

breathing vibration. The intensity of this band relative to the 

graphite E2g-like band at - 1600 cm-1 indicates the extent of the 

ordered domains in the ab plane, which is in the range of 50 to 

100 A. The intensity of the C - F stretching band is expected to be 

weak, and it is in fact only barely discernable in the spectra. A 

slight shifting (- 30 cm-1) towards lower frequency of the - 1600 cm-1 

band is found for the highest fluorine concentrations, indicating a very 

slight weakening of the C - C bond, in accord with the increased bond 

distance (by .006 A) inferred form the crystallographic ~-spacings. The 

Raman spectra establish, by the presence of only graphite-like modes, 

even at a C/F ratio of two, that the planarity of the carbon sheets in 
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Cx!l-o(HF)o is maintained. 

viii) Bonding and electronic structure in Cx!l-o(HF)8: 

. The vibrational spectra of Cx!l-o(HF)o' together with structural 

information gleaned from x-ray and nmr data, indicate that the carbon 

atoms which are bound to fluorine lie in virtually undistorted, planar 

carbon sheets. These carbon atoms must still make nearly full use of 

their Pz orbitals in ~-boriding within the sheet; still, the Pz orbital 

must be used to bind the fluorine atom. The bonding molecular orbital 

composed of fluorine sp hybrid and carbon Pz atomic orbitals is still of 

appropriate symmetry to overlap with the neighboring carbon Pz orbitals, 

and so the ~-bonding persists; the wavefunctions of the ~-electrons are 

nevertheless strongly perturbed by the deep potential well at the C - F 

carbon. Detailed band structure calculations34 for C4F, which assume a 

C - F bond distance of 1.4 A, show that this perturbation gives rise to 

an energy gap of - 2 eV between the valence and conduction bands. For 

higher concentrations of fluorine the energy gap must increase, and so 

the metal to insulator transition may be rationalized. The persistence 

of a black color in C2F1- o(HF)o is probably a consequence of the fact 

that a structural defect occurs every 50 - 100 A in the basal plane, 

disrupting the band structure. These defects are however separated by 

relatively large areas of insulator, and so do not give rise to 

conduction. 

Since some of the electron density of the C - F bond is required to 

maintain the nearly constant C - C ~-bond order, the effective C - F 

bond order is reduced from unity; this effect is manifested in the low 

C - F stretching frequency and the chemical lability of the C - F bond 

(see part 4). Since the van der Waals' diameter of fluorine is about 
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2.7 A, it is likely that the occurrence of two C - F linkages on the 

same side of the sheet in ~positions would be sterically disfavored; 

the closest F - F contacts in such an arrangement would be only 

2.46 A. A possible structure for the ideal limiting stoichiometry C2F 

is shown in figure V-9a. In this structure each carbon sheet has 

orthorhombic symmetry. Such a sheet may distort, with alternating 

single and double bonds (figure V-9b), to produce a puckered sheet. An 

alternative C2F structure (figure ~-10) cannot distort in this way, but 

in it each fluorine atom has two fluorine nearest neighbors at 2.46 A. 

The details of the fluorine atom placement in C2F are thus still 

uncertain. 

3. HF - deficient second-stage compounds 

When gaseous HF and fluorine are reacted with graphite for a short 

time a material of approximate composition C8.8FO.60(HF)0.40 is 

produced. X-ray powder data for this compound (Table V-I0) show that it 

consists of more than one phase, the dominant phase being characterized 

by a broad OO~ line at d = 4.3 A and a series of sharp hkO lines, 

indexed to a 2 x ~ hexagonal superlattice. The tentative interpretation 

of this data is that this is a second stage compound, ~ = 8.6 A, akin to 

first stage CxF1_o(HF)o' in which fluorine is attached to only one side 

of the carbon sheet. 

Figure V-II shows a possible structure for the ideal composition 

C8F in the hkO projection. The cell has the correct superlattice, and 

the fluorines will all scatter in phase for the 110 reflection, which is 

observed as a line of medium intensity in the powder pattern (the 

intensity of this superlattice line probably has no carbon component). 

AA stacking of carbon sheets across a gallery and AB stacking of I 
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+-contiguous carbon sheets (as in the C12 HF2 structure) gives the 

observed ordering 1(220) > 1(200). 

When Ca.8Fo.60(HF)0.40 is reacted with liquid HF and is 

subsequently pumped out, the x-ray diffraction pattern shows a mixture 

of second and third stage graphite bifluorides. 

4. Chemical and electrochemical reactions of graphite 

hydrofluorides 

i) Intercalation reactions: Both first and second stage graphite 

hydrofluorides undergo intercalation reactions with strong Lewis acids 

such as AsF S ' GeF 4 , and PFS. The reaction of graphite bifluoride 

(C12+HF 2 -) with .GeF 4 (1 atm.) is sluggish, and a mixture of second and 

third stage compounds is formed. If the pressure is increased to about 

10 atm., a pure first stage compound, ~ = 2.4SS(3), ~ = 7.83(2) A is 

obtained, in which the C/Ge ratio is about 8. Reaction with PFs under 

similar conditions gives only compounds of high stage () 3). AsF S 

intercalates in stoichiometric quantities26 to give C12AsF 6 ·HF, a first 

stage salt, with c = 8.0 A. Apparently quite a strong Lewis acid is 

required in order to expand the graphite galleries and at the same time 

abstract a fluoride ion from HF 2-. 

First stage CxF1- o(HF)o reacts with GeF 4 and AsF S under 10 atm 

pressure to produce first stage compounds, ~ - 8.0 A. The amount of 

Lewis acid taken up is limited by the value of x, and for x = 2 no 

reaction, even with AsF S' is observed. No reaction with AsF 3 was 

observed, for 2 ( x ( 3, and the rea~tion with water to produce HF, 

graphite, and (presumably) 02 is extremely slow. Compounds in this 

series swell in anhydrous, liquid HF; the c-axis spacing increases by 

o.s to 0.6 A, even at C2•0F1- o(HF)o. This increase represents an 

.. 
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additional volume of 1.3-1.4 A3 per carbon atom, or about one HF 

molecule for every 11-14 carbons. The diffraction patterns show no 

discernable change in the presence of HF, except for this increase 'in c. 

ii) Electrochemical reversibility: The enthalpy of formation of 

tetracarbon monofluoride has been estimated to be about -44 kcal per 

mole of fluorine atoms35 ; thermodynamically, it should be a potent 

oxidizer, readily reduced by even the most electronegative metals. For 

example, ~of for PbF 2 is -160 kcal mole-I. Assuming the entropy 

changes are small, the C,C4F couple is then expected to be 2.1 V below 

the Pb,PbF 2 couple in the electrochemical series. Previous work has 

establishedl7 ,36 that the potential of this couple is near the 

thermodynamically expected value for compounds with C/F ratios ~ 4. 

In the present study it was found that for C/F, ratios ) 2.3, 

graphite hydrofluorides and bifluorides may be reduced electro­

chemically. The open circuit potential (using HF/NaF as the 

electrolyte), against Pb,PbF 2 , for C~I-o(HF)o were determined as 

follows (x in parentheses): (3.7), 2.03; (2.7),2.2; (2.5),2.38 V. The 

cell used for these measurements consisted of a teflon "T" union 

connected via compression fittings to two glassy carbon electrodes 

approximately 1 mm. in diameter (Atomergic Chemetals Corp., Plainview, 

N.Y.), and to the electrolyte reservoir. The two electrode compartments 

were separated by a wad of porous teflon filter membrane (Chemplast, 

Inc., Wayne, N.J.)., 

With a resistive load in series, it was possible to assess the 

internal resistance of the cell using a variety of electrolytes and 

counterelectrodes (Table V-II). Note that the internal resistance is by 

far the lowest when the electrolyte is HF. This is undoubtedly a 
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consequence of the fact that HFenters the graphite galleries readily 

and may assist strongly in the removal of fluoride as HF 2-, H2F3-, 

etc. It is superior in this respect to H20, whi~h is a weaker Lewis 

acid, and which cannot attach a fluoride ion to make a planar anion. 

The intercalation of fluorine was found to be completely reversible 

for C/F ratios in excess of 2.3. Compounds in the series C~l-o(HF)o 

could be prepared electrochemically from graphite, using PbF 2 as a 

source of fluoride ion, and a driving potential of 3.0 V (for x < 2.6, 

the electrochemical synthesis is impracticable, possibly because an 

insulating surface layer (i.e., x ~ 2.2) is formed on the powder 

grains). Compounds so synthesized have diffraction patterns identical 

to those prepared from graphite, HF, and F 2. Chips of C2•SF l-o(HF) 0 and 

+ -Cl2 HF2 ' when placed in a large excess of powdered graphite and HF, 

~ere reduced completely to graphite (this arrangement is essentially a 

shorted electrochemical cell). In figure V-l2 the powder diffraction 

patterns of these chips before and after reduction are compared with 

that of SP-l graphite. While the reduction is quite complete in both 

cases, the second stage bifluoride is reduced to a graphite which is 

well ordered; the product of the C2•5Fl - o(HF)o reduction shows disorder 

(probably in the stacking sequepce of the sheets). 

Carefully carried out electrochemical experiments on the graphite 

hydrofluorides may lead to thermodynamic information as yet not 

revealed. In the present work, well ordered graphites with large 

particle grains were always used, in order that x-ray studies would 

provide structural information. Poorly ordered graphites of sub-micron 

particle size, however, hold the most promise for dynamical studies 

which require proximity to electrochemical equilibrium, and for workable 
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Summary 
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Both SiF 4 and SnF 4 have been found to intercalate graphite in the 

presence of fluorine. HF and fluorine are intercalated together into 

graphite to produce the bifluorides C12+HF2- and C18+HF2-; the 

structures of these compounds indicate that they are ionic salts. The 

19p n.m.r. spectrum reveals that rapid exchange of fluorine between 

anions occurs in C12+HF 2-. 

For compounds in the series Cx!l-o(HF)o' the ~-axis dimension and 

resistivity vary smoothly, the latter by ten orders of magnitude, 

between x = 5-6 and x = 2. Vibrational and n.m.r. spectra, together 

with x-ray structural data, establish that the carbon atom sheets are 

planar and nearly isodimensional with those of graphite. Fluorine atoms 

are found to eclipse carbon atoms in the structure making weak, two 

center C - F bonds. HF is present in the structure and binds to these 

fluorine atoms via weak hydrogen bonds. 

The fluorination of graphite, to produce the bifluorides or 

CxF1-o(HF)o' is chemically and electrochemically reversible for x ~ 2.3. 
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Table V-I. X-ray powder data for third stage graphite fluorosilicate. 

intensity 2 
lid (obs.) 2 lid (calc.) 

vs .0743 .0740 

Ttl .0902 

m, broad .1170 .1156 

w, broad .1646 .1666 

s .2202 .2197 

ms, broad .2383 .2382 

'01 , broad .2973 .2961 

'01 , broad- .3854 .3863 

s .6595 .6593 

s = strong, m = medium, w = weak, v very 

hexagonal, a = 2.463(5), 
o 

c = 14.70(3) A 

hkl 

004 

005 

006 

100 

102 

008 

106 

110 
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Table V-2. X-ray powder data for second stage graphite fluorostannate. 

intensity 2 
1/ d (ob s . ) 

2 l/d (calc.) hkl 

* row .0245 

vw .0308 .0296 002 

vs, broad .0691 .0666 003 

row .0891 .0889 graphi te 002 

m, broad .1169 .1185 004 

m .2218 .2214 100 

m .6642 .6643 110 

* 0 d 6.38 A 

hexagonal, a = 2.454(5), c = 11.62(5) R 
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Table V-3. Observed and calculated OO~ diffraction intensities for 
graphite bifluorides. 

o 
second stage, ~ = 2 x 9.44A 

Hobs.) I(calc. ) 

2 63 84 

4 245 196 

6 1000 1000 

8 3 

10 89 51 

12 197 100 

Atomic parameters: 

second stage 

atom mUltiplicity z 

C 6.00 ±.0905 
±.4095 

F 1.08 ±.2375 
±.2625 

third stage, ~ = l2.78~ 

I(obs.) I(calc.) 

1 50 63 

2 40 60 

3 122 178 

4 1000 1000 

5 3 13 

6 <1 

7 46 56 

8 85 98 

third stage 

atom multiplicity z 

C 3.00 o 

C 6.00 ±.266 

F 1.00 ±.485 

Isotropic temperature factors (6 = BF = 1) were used. No absorption 
correction was applied to the da~a. 
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Table V-4. Powder diffraction data for C11.2HF2' 

2 l/d (obs.) 

.0954 

.2218 

.2309 

.2438 

.3170 

.3809 

.4352 

.6626 

.7020 

.7554 

.8868 

.9043 

1.0299 

1.5430 

1.5657 

2 1/d.(ca1c.) 

.0950 

.2204 

.2310 

.2441 

.3154 

.3800 

.4342 

.6613 

.7035 

.7563 

.8844 

.9055 

1.0413 

1. 5431 

1.5668 

hk1 I(obs.) 

006 vvs 

100 ms 

102 \v 

103 s 

106 v\v 

0012 w 

109 vw 

110 s 

114 vw 

116 m 

201 w 

203 vw 

1112 w 

210 w 

213 mw 

I (cal c.) 

1000 

92 

8 

115 

21 

66 

31 

156 

24 

61 

2 

9 

42 

20 

37 

The hkO intensities were multiplied by 4 to correct for preferred 

orientation. The carbon atom parameters used in the calculation were: 

±(O,O,z); ±(1/3,2/3,z); ±(O,O,~-z); ±(1/3,2/3,~-z), where z = .0878. 

The fluorine atoms were located at z = ± ~ and were given large aniso­

tropic temperature factors so that they would contribute only to the 

00£ reflections. 
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Table V-So a-b plane electrical conductivity of graphite bifluorides. 

* 

composition stages present k/k h' grap ~te 

C1S . 9HF 2 
2nd, 3rd 1.4 

CI3 . SHF 2 2nd 1.4 

CI2 . SHF 2 
2nd 2.0 

CI4 . SHF 2 
2nd 1.8 

C18 . 1HF 2 
3rd 4.8 

Conductivity per plane of carbon atoms, relative to the basal plane 

conductivity of HOPG. These values are obtained by mUltiplying the 

specific conductivity ratio (a/a h') by t It, the ratio of the 
grap ~te 0 

sample thickness before intercalation to that after intercalation. 



Table V-6. X-ray powder diffraction patterns for first stage CxFl_o(HF)o' 

C/F = 2.84 C/F = 2.49 

int 
2 

l/d (obs) 2 l/d (calc) hkl int 2 l/d (obs) 2 
lid (calc)hkl 

.'. 
I(calc)" 

vs .0316 .0322 001 vvs .0277 .0277 001 

vvw .1292 .1287 002 vvs .2204 .2209 100 1000 

s .2212 .2210 100 vs .6618 .6626 110 340 
I-' 

ms .6624 .6631 110 w .8855 .8835 200 22 N 
(Xl 

vvw .6893 .6953 111 mw 1.5553 1.5.461 210 41 

vw .8851 .8842 200 mw 1.9944 1.9878 300 36 

w 2.6525 2.6504 220 24 

·v\v 2.8603 2.8713 310 5 

5.57(3) ~ 2. = 2.457(3), 
0 

a 2.456(3), .£ c 6.01(5) A - -

--): 

The radiation source \Vas HoK-. hkO intensities were calculated using for carbon, a 
x,y = ±(1/3,2/3) and for fluorine, x,y = ±( .365, .635). No corrections were made for 

absorption or thermal motion. 

• • • 
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Table V-7. Some physical properties of CxF
1

_o(HF)o. 

C/F ratio resistivity (D.-em) 

* 10 -3 5.2 2.456(3) 5.22(2) > 8 x 

3.67 2.459 5.36 8 x 10- 1 

3.20 2.456 5.45 3 x 10 0 

2.70 . 2.460 5.71 2 x 10
1 

2.49 2.457 5.90 1 x 103 

2.42 2.459 6.02 1 x 10 3 

2.15 2.468 6.22 1 x 107 

1.94 2.466 6.45 2 x 10 7 

* + Contains some C12 HF2 ' which ~s highly conductive. 
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Table V-8. XPS binding energ~es of C2 .
5
F

l
_6(HF)6 and comparison 

materials. 

compound CIs, eV F Is, eV reference 

C2 . 5F l - 6 (HF)6 284.6 686.6 present work 

(C 2F) n } 288.5 689.3 11 290.4 

(CF 2)n 291.8 689.1 27 

LiF 684.9 27 

Graphite 284.2 27 
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Table V-9. 13 Observed and calculated C n.m.r. intensities for 

C2.05FO.82(HF)0.18· 

low field peak high field peak 

contact time (ms) I(obs) I(calc) I(obs) I(calc) 

0.10 285 189 867 674 

0.20 351 338 902 910 . 
0.50 627 623 1000 1000 

1.00 788 818 915 926 

2.00 906 .. 890 754 784 

5.00 729. -715 432 475 

10.00 348 361 181 206 

20.00 166 72 76 39 

low field carbons: TCF 
1 

0.40(5) .78(10) = ms, Nl = 

TCF 
2 = 2.49(8) ms, N2 .79(10) 

high field carbons: T = 
CF 

0.10(2) ms, N 1.00 

fluorine TIP = 6.0(5) ms 
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Table V-10. X-ray powder diffraction data for C8.8FO.60(HF)0.40. 

intensity 

s, broad 

rn 

w, broad 

rn 

s 

rn, broad 

w, broad 

vs 

w, broad 

rnw , broad 

w 

a = 2 x 2.459, c 

2 
lid (obs.) 

.0550 

.0971 

.1189 

.1659 

.2207 

.2417 

.3931 

.6607 

.7142 

.7579 

.8837 

o 
8.6 A 

2 lid (calc.) hk1 

.0540 002 

.0980 C
12

HF 2 , 006 

? 

.1654 110 

.2205 200 

.2450 C12HF 2' 103 

.3920 C12HF 2' 0012 

.6615 220 

.7155 222 

.7595 C12HF 2' 116 

.8820 400 
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Table V-II. Characteristics of some electrochemical cells with 
C2 . 7Fl _8(HF)8 cathodes. 

anode electrolyte voltage(OCV) internal res.(kQ) 

Li w~re PC/LiC104 4.4 V 25 

Li w~re PC/KPF 6 4.3 15 

Al foil HF/NaF 1.7 4 

Al foil H2O/NaF 1.5 100 

Al foil PC/LiC104 1.7 25 

Pb/PbF 2 
HF/NaF 2.2 2 

Hg HF/NaF 1.9 5 

Ag HF/NaF 1.0 2 

'1'The cell configura tion ~s described l.n the text. 

II: 
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Figure V-I. X-ray diffractometer tracings for graphite hydrofluorides. 
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+ -Figure V-2. The crystal structure of C
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HF2 . 



136 

(a) 

-250 -200 -150 ppm 

-1000 

Figure V-3. 19 

-500 o 

( b) 

500 ppm 

XBL 837-10664 
F nmr spectra of graphite hydrofluorides: (a) narrow 

line attributed to ClzHFz, (b) full spectrum showing the 
CZ.lsF o . S3 (HF)o.17 broad line. 
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~l 

50 ppm 

I. I 

XBL 837-10660 

Figure V-4. Proton nmr spectrum of C2.1SFo.83{HF)o.17 . 

• 
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(0 ) 

(b) 

XSS 837-6013 

figure V-9. (a) A poss ibl e s tru c tur e for a s in r l c sheet o f C2F, and 
( b ) th e same s truc tur e shO\.J in ~ l oc<ll i zed do ub l e bonds . 

.. 
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xee 837-6012 

Figur e V-I O. Ano th e r poss ib le st ruc tur e fo r C2F . 



Fi g ur ~ V-II . A possibl~ structure for CSF in th e hk~ projection . The fluorin e 
atums over th e s tagg ered carbons ha v e .~ lllultlplLC l ty . 
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Figure V-12. X-ray powder patterns of graphite hydrofluoride~ and their reduction 

products: (a) C
2

.
S
F

1
_

x
(HF)x' (b) C

2
.
S
F

1
_x(HF)x reduced with graphite, 

(c) C
12

HF
2

, (d) C1ZHF
2 

reduced with graphite, (e) SP-l graphite. 

(a ) 

(b) 

( c) 

(d) 

( e) 

t-' 
~ 
lJl 
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APPENDIX 

The following computer programs, written in Comnlodore BASIC, were 

used in the lattice energy computations: 

BERTAUT - A PF:OGF:AM TO CALCULATE THE ELECTROSTATIC' ENERO',' OF A CR'T'STALLH1E SOLID 

1 INPUT" TI TLE ": T:t 
5 INPUT" II OF ATOt'lS I I-l THE FORt'lULA Utn T" .: ~l 
6 HlPUT" II OF S"'N~lETFS OPERATI ONS Hl THE ACENTR I CGF:OUP (E:':CLUD HlG IDENT IT',') " ; NS 
tEl It-lPUT "CELL DHlEt·IS I Ot·1S " ; A, E!, C 
20 NA=N+CNS+l)*2+1 . 
3£1 PR I tH" FOR EACH ATOM.. EtHER THE HANE .. CHAF=:GE, ANDCOORD I t·IATES" 
40 DINA$eNA) .. QCNA),X(NA) .. YeNA) .. ZeNA) .. XT(NS),XFCNS) .. YTCNS),YFCN5),ZTCNS),ZF(NS) 
50 FOR 1=1 TO tl 
60 F'RHlTI: : HlPUTA$( I), Gh I), :";.:: I), ',', I) .. Z( I:' 
65 t·lE;.::r 
6S PF: I tiT" FOR EACH :::'t't,1t'1ETF:',' OPERATI (It.!. HHEF: ~:TRAt~:::, ><:FACTOR., ','TRANS .' ETC." 
70 FOR 1 = 1 TON::: : F"F: I tH I.: : I t·IPU T:X:T ( I ) , XF ( I ) , ','T ( I ) .. ','F ( I;' .. ZT ( I;' .. ZF ( I;' : ~1E:":T 
72 It'IF'LIT" CEtHF: I C SPACE GROUP".: (;$ 
75 HIF'UT":::Ut'lt'lATIotl LHIIT FOR HKL"; t'lI=t 
7S IFFL=OTHENGOSUB40£1 
0:£1 Dr'l=W 
101 FOR 1=1 TO NA-l 
1£12 FOR J=I+l TO ~IA 
103 D=:::C!F: ( C<:( I ;. -~< CJ) ) l2tA l2+ ('r'C I )-.,'U) ) t2*Bl2+ <Z( I )-2(J» l2tC·t2) 
104 IF D(DN THHl DN=D 
105 t-lE:':T: t·ID;T 
1 06 R=D~1."'2: F'F: !NTDr'l 
107 N=O 
1(1S PR ItH " " : PRHIT"Sllt1~lATION PROGF:E::S:" 
109 PRINT" H K L" 
110 FOF: H=O TO t'lA 
128 FOR K=O TO· ~lA 
130 FOR L=0 TO t'lA 
132 D=SOR(H·t2/A·t2+Kt2/B1"2+L t2/Ct2) 
1 :::5 FP=O: FI =0 
140 FOP 1=1 TO t-iA 
150 FF:=FP+(:I( I )*COS(2trr*(HtX( I )+K*'T'( I )+LtZ( I») 
160 FI=FI+Q(I)*SII-l(2*rr*(H*X(I)+K*Y(I)+LtZ(I»;' 
170 NE~<T I 
1 BO F=FF.: l2+F I "1'2 
1~:1 IF H=(l THEN F=F/2 
182 IF K=O THE~1 F=F/2 
183 IF L=O THEN F=F/2 
19(1 AL=2trrtF.:HI 
195 IF AL=0 THEN PH=0:GOT0210 
2£10 PH=(:::I WAl)-AUI!C05 (AU ;. 12/ALtS 
21£1 t'l=N+FtPH 
215 GOSUE 360 
220 '·IEXT: t-lEXT : NE>(T 
230 ~1=-1 :::tt1trr*R 12/ (A*B*D *8 
240 FOR 1=1 TO tlA 
250 t'1=t'1+3tQ( I )t2/(5*R) 
260 tlE>-;T 
261 OPEN1 .. 4:0PEN2,4,1:0PEN3,4,2 
262 F'RINTlll 
265 PPINTlll .. CHRt(l);Tf 
266 CL=M~HVNA* Hl N* 1. 60212*6. 0225* 181/ (4*n"*8. 854:+'757) 
267 PF: ItHIl 1 ,"COllLot1B ENERG','OTAL-"1'10LD=".; CL 
270 PF.:HlTlll., "~lADELUNG COt·1STAHT=".: ~ltH/~IAHlt1 
271 PR HIT 111 , "5U~1t'lATI ON L HlI T HAS "; ~lA 
272 PR HIT 111 .' " ION CHARGE X 'T' Z" 
273 PRHITII3, "AAA 59.999 59.9999 59.9999 S9.9999" 
274 FOR 1=1 TO ~lA 
275 IF FL=O THEt·j 277 
276 IF A$ ( !) =A$ <I -1) THEN 278 
277 PRINT#2JA$(I);CHRS(29);Q(I)JX(I),Y(I)JZ(I) 

• 



278 NE.~T 
279 CLOSEl:CLOSE2:CLOSE3 
288 INPUT"CHANGE THE CHARGES";K$ 
289 FL=l 
2913 IF LEFTf(Kt,1)="'r'"THEN 3H.l 
30a END 
3Hl FOR 1=1 TO NA 
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320 IF A:f(!)=A:t(I-IHHEN 0(1)=Q(I-.1):GOT0340 
330 PRINTA$( 1); : HlPUTQ( 1) 
3413 NEXT 
350 GOTO?5 
360 PF;WT" ":PRINT":-]"; :PRINTH; :PRINTK; :PRINTL:PRUlT"'''; :RETURI·j 
4e0 T=N:FORI=ITON:FORJ=ITONS 
405 T=T+l: )<:CT)=i:F(JJ+X< I )+X1<J) :'r'CT)=YF(JHY( D+'T'T(J): Z(T)=ZF(JH!Z( 1)+Z1<J) 
410 At(T)=At(I) 'Q(T)=Q(I) 
415 FORQ=1TOT-1 
4213 IFAES(SIH(1T'+!C«Q)-)<:(T);') »10t-5THEN440 
425 IFABS( SIN( 1T'+!(,r'(Q)-'T'CT»))) 1 9t-5THEN44e 
430 IFABS(SHIC rrHZ(O)-Zr:r);' >} 1 Ot-5THE~l440 
435 T=T-l: Q=T: IFT]!THEI'lT=N 
440 NEXT: NE;(r: NE:'~T : NA=T : T=(1 
445 IFLEFT:t(Ct., 1 )O"'T'''THENF.:ETURN 
50a T=NA: FOR I = 1 TO/·lA 
510 T=T+l:A'(T)=A:t(I):X(T)=-X(I)·Y(T)=-Y(I)·2CT)=-ZCI):Q'T)=Q(I) 
515 FORQ=1TOT-l 
52a IFABS(SIH( rr*O:(Q)-;«n);. >:" lOt'-5THEN540 
525 IFAB::;(SHl( rrH'r'(Q)-'r'CT);';')} 10l-5THEH549 
5313 IFAB:::<:::UV rr+(2(Q)-ZeT»;') Hll-5THE1/540 
535 T=T-l : O=T: IFT<NATHEHT=NA 
540 NE:>{T: NE:X:T : IlFt=T : T=O 
550 RETURN 

COI'lPLE:< lOll. -:- CALCULATES THE H/TEFJiF;L ELECT;;:CI::,TATIC El/EF"G', OF FI 
c.or·WlE:>( ION Hl A CP'T'::;TAlL HIE '::OLI Ii 

Ie INPUT"TITLE";T. 
20 INPUT"A,B,C";A.B.C 
30 I I/PUT" TOTAL Nur'lE:ER OF PO II·lT C.HAF:C'E::: I t·1 THE COI'lF'LE>: I Ott" ; tiC 
40 DHlA:rOiC>. Od/C>., iV; tlO, ','OlO, Z(~/c;. 
S0 INPUT" r::: THE ION F'OL 'T'I'!ER I C" ; P$ 
60 IF LEFTtCF'$,1 )="'T'''THE~I 120 
70 PRINT"FOR EACH POINT CHARGE.ENTEF: THE ~/AI'lE.CHARGE .. Atm COORDHiATE:::" 
:30 FOR 1=1 TO t·/e 
~0 PRINTI; :INPUTAtCI),Q(I).X(I).YCI),Z(I) 
1 £1£1 I/E;,;T ' 
11 Ct GOT0350 
120 H/PUT"HOH l'lAt·l'T' POIIlT CHAF:GES Hl THE PEPEATH/G UtHT"; tiR 
130 FPH/T"FOR EACH FOIm CHAF:GE. ar'EF: THE tiAt'lE, CHAFGE, FiND COOF:!IWATE::," 
140 FOR 1=1 TO l·lA 
150 PF: I tiT! .: : INPUTA:f C I;'. Q ( I;', >: ( I;' .. 'T' ( I:;' .' Z ( I> 
160 t'/Ei':T 
170 H/PUT"HOt,J l'lAtN UNITS ARE RELATED B'T' :;:'T'['1I'1ETR',"'.: tl:3 
180 PR I NT" FOR EACH S'T'l'll'lETR'T' OF'EPAT! 011. ENTEF.: :'<TF.:AIlS, ;-:FACTOR., 'r'TFH1:::, ETC" 
185 DHl;<TCN~;), 'T'TOl3). ZTUiS)., ;:FOl:3>., 'T'FO·lS>. ZF(~l:::>, T:':0·6> .. 1'T'(~lS) .. TZU·j::,.' 
1913 FOR 1= 1 TO Il::: 
2013 INPUT XTCI).XFCI).YTCI),YFCI).ZT(I).:F(I> 
210 IlE:':T I 
230 FOF; 1=1 TO NA 
240 FOR J=1 iO HS 
250 T::-:: (J) =>::r (J) +:~;:F( J) *~« I ) : T'r'( J) ='T1T (.J) +'T'F (J >*'r'( I) T: (J)=2T (J ~I +2F':.J > +,:,~ I ::. 
2613 FOR K=tl TO J-1 
270 IF n:(J) ,cr;':(K) THEll:31 £1 
2813 IF 1'T' <J )~:, 1',' (f() THEt·E 1 (1 
29£1 IF T:(J)<)iZ(K)THEI/:;:10 
300 GOT0340 
3113 t-JE)m( 
3213 T=T+l 
330 AtnlA+T)=A( 1) . t:!(NA+T)=O( n : )':o-/A+T) =T:,,: (J> : 'T'U/A+T)=T'T'CT- : ZO/A+n=T:-:..n 
340 NE)·:r J : HE:,,:T I 
3513 u=e 
360 FOR 1=1 TO NC-l 
370 FOR J=I+l TO He 
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375 RX=X(l)-X(J) : RY=Y(!)-'r'(J) :RZ=Z(D-Z(J) 
380 D=SQR(A-f-2*RX·t2+B·t2'tR'r'·t2+Ct2*RZt2) 
3S5 PRINTA'(I);" ";A'(J);D 
390 U=U-Q(IHQ(J)/D 
400 NEXTJ 
410 NEXTI 
415 U=U* 1 0 N* 1 • 60212*6. 0225* 181 / ( 4*11'*8. 854*(57) 
420 OPE~I1, 4: OPEN2, 4, 1 : OF'EN3., 4.,;2 
421 PRINTlt1 :PRHlTItLCHRt(D; T$:PRIHTItI 
422 PRINTItL" ABC" 
423 PRHlTlt3 .. "99.9999 99.9999 99.9999" 
425 PRINTIt2iA,B,C 
440 PRIHTIt1 .. "ELECTROSTATIC EHERG'r'(KCAU="; U 
450 PRINTltl, "RTON CHAF:GE >( 'r' z" 

-460PRINTlt3,"AAAA S9.9999 59.9999 59.9999 59.9999" 
470 FOR 1=1 TO NC 
490 IF FL=O THEN 500 
495 IF A$(l)=A$(I-DTHEN510 
500 PRINTIt2,At(I);CHR'(29);Q(I),X(I),Y(I).Z(I) 
510 NE):TI 
570 CtO~;El: CLOSE2: CLOSE3 
5S0 HlPUT"t,JOULD 'r'OU LIVE TO CHANGE THE CHARGES" ;Q' 
590 IF LEFT$(Q:t.1 )="'r'"THEN 605 
600 END 
605 PR INT" FOR EACH ION. EI·ITER THE CHAF:OE" 
610 FOR 1=1 TO NC 
620 IF A'(I)=A'(I-l)THENQ(I)=Q(I-l):GOT0640 
630 PRINTA.( D; : INPUTQ( D 
640 NE};TI 
645 FL=l 
650·00TO 350 

BASIC RADIUS - CALCULATES THE F~EFULSIO~1 F:ADW; OF THE LIGHllIi ATOI'I:; HI A 
t'10LECULAR CR'r'STAL 

10 HlPUT"TITLE"; TJ 
20 INPUT"CELL DHIENSIONS"; A. B.Cfi=At'2 B=B-t2· C=Ct2 
40 H1PUT"1t OF ATO~IS IN THE FOF:I'IULA Uti IT " .; H 
45 INPUT"1t OF S'mt'lETF.:'r' OPERATIONS IN THE ACEIITPICOROUP <EZCLUDING IDEtlTIT'r'>".; ~I:; 
47 1·IA=Nt< NS+ 1 >*2+! 
50 DH1A$(IIA)., ;;OIA). 'r'OIA). ZeNA). AL<~IA>., E':~lrl) .. on·IA) .. F:dIA) 
51 DH1;';Td·IS) .. 'r'TO·E). ZT<NS), ;:F(NS), 'r'Fdl::;). ZFOIS:) 
60 FRHlT"FCd~ EACH ATm!. ENTER THE ~IAt'lE. CHARGE, AND CGOF.:DINFtTES" 
75 FORI=lTOH 
80 PF:IIlTI; : HlPUTA:t( I), Q( I), :":( I). 'r'c r).:( I) 
90 IIE:·:T . 
100 PI': HIT" EIlTER POLAR I :AB I LI T'r' -: A to::) 
102 FORI=1TOH 
104 I FAI< I;' =Ft$ ( 1-1 ;. THEt·jALo:: I ) =AU I-I :0 . fJOTD 10::: 
1136· PRHlTA:tC D.; : HlPUTAU 1> 
108 ~IE;:T 
110 PF: HIT" ENTER CHARACTER I STI C Er·IERG'r' 0: E' .... ;. " 
112 FOR I = 1 TOtl 
114 IFA$(I)()A'(1)THEN118 
116 PRINTA'(I); :INPUTECr) 
118 1·IEn 
145 PRINT" FOR EACH s'mMETR'~ OPERATErN., E}ITER ::TRAli:;. ::FFiCTOF.: .. 'r'TF:AN:;. ETC. 
150 FOR 1= 1 TOt~S : F'R IIITI ; : HlPun:T( r·, ::F 0: I ) , 'r'T( I ;, • 'r'F 0:: I) .' ZT 0:: r ;., :F ': I:O . NE;·:T 
151 INPUT "SUI:LIt'IATI 011 TEr'lPERATUFEO<:O ", 7S· T::;=TS*. 0019:37 
152 INPUT" CENTF.: I C SPACE GROUP".; C$ 
153 HIPUT"COULOMB EtiERG'r'., 3URH1ATOII El-ITHFtLF'r' (KCAL,}10LE:.o". UC. H::. 
154 INPUT" ZERO PO INT ENERG'r' (KCAU, F:EPUL:; I atl PAF:At'lETE~: 0:: A;' " .' U:., F:H 
155 T=N: FORI=1 TON: FORJ=! TOI/:; 
160 T=T+l:X(T)=XFeJ)*X(I)+XTO:J)·YCT)=YFO:J)'tYCI)+YTeJ)::CT;'=:FCJ>+:(I)+:7eJ) 
165 A'(T)=A:tCI):Q(T)=Q(I) ALCT)=ALCI):ECT)=E(I) 
170 FORQ= lTOT-1 
175 IFABSCSIN(1I'*(X(Q)-X(T»»)101-5THEN195 
1S0 IFABSC:3W( 1I''+<'r'(Q)-'r'(;») »1 o t-5THEJU 95 
185 IFABS(SHI(1T*<zeCD-Z(T) n »10 t-5THaIL~5 
190 T=T-1: IFT<NTHENT=N 
195 ~lE)<T: HEXT: IIE:':T: l·lA=T: T=O 
218 IF LEFT$(C •• 1)="Y"THENGOSUB508 
2213 OO:::UI:600 
225 PR IIlnlA 

• 



230 FORI=1TO~1 
2413 FORJ= 1 TOt'IA 
2513 FORQ=-lTOl : FORT=-1TOl : FORS=-lT01 
252 I F J)~I+. 5THEN260 
254 I FAES (Q):-. 5THEN260 
255 IFAES(S».5THEt-I260 
256 IFABS(T». 5THE~1260 
258 GOT0300 

149 

260 R=SQF:(i'fh:>( I )-:'«J)+GD 'f2+B"<'T'( D-'T'(J)+S) 1"2+C.,<2': 1)-20)+1)12) 
265 IFR=0THEN3(n3 
266 IFA:f.( I )=A$( 1 ;'ORA:f.(J)=Af( 1 >THEt-lRR=O: GOT0290 
285 RR=(R/6.21428572/RH-1).,EXP(-1.,P/PH'*(1+Q(I)/8+Q(J)/S) 
286 RE=RE +E)<:P (-1 +R.··RH' 
298 UR=UR+RR: S1=.3./4"Al( I HAUJ>/p·t6 
291 I FA$ ( I ;. =A$ C 1 ) AtlDA$ (J:> =A:t ( 1 :> THEt'ISA=~::A+'31 
292 IFA$( I ) <>A:f. ( 1 ;'AN!IA:f.(J)=A:f( 1 HHE}I:::E=SB+S1 
293 IFA:f.( I )=Af( 1 ) At·lDA:f.U) <>A:f.( 1 )THE~I:::B=SE+~31 
294 IFAl( I ><>A$( 1 )At-lDA:t(J)CA$( 1 )THEI'ISC=~::C+Sl 
3013 NEXT: NE;~T : NE:,,:T : NE:":T : NE:,,:T 
3131 UR=RH/2+LOG( (HS-UC*( 1-1 /6.214285(2) - TS+UZ).···WR.t{. 1934244;') 
302 RE=F.:E.,E}:P(2.,UR/RHHi7. 1934244 
303 UD=(HS-UC+UZ-TS+RE) .. ·( 1.12.,2':;:.(5) 
304 A1=SC .. ·2 
305 B 1 =E ( 1 ) *SC.··Z+E ( 1 ) *SB+E (1 ) *:::A.· .. Z-UD 
3136 C 1 =E ( 1 ;. ·12+SA/2-UD*E ( 1 ) 
307 FOR I = lTONA: I FA$ ( 1) =A$ (1 )THE~1309 
308 E( 1)=( -Bl +SQRCE1l2-4"A UC1;' )/(2.,A1' 
3a9 NEXT 
310 OPE~n, 4: OPEN2, 4,1: OPEI'13, 4 .. 2 
315 PRINT#1 :PRINT31,CHRf(1).TI 
318 PRHlnL "HEAT OF SUBLHlATIOWKCfiL.··r·10LE)= ";HS 
319 PRHlnL "COULOt-1B ENERO'T'= ";UC 
320 PRHlnL "F:EPULSIOH PAF:A~lETER RHO= "; RH 
321 PRItH3L "2EF:O POHIT E~IEF:G'1'= 
322 PRINTlt1 .. "BASIC F:ADIUS(A)= 
323 PF:INT#1 .. "CALCULATED F:EPULSIOtl EIIEF.:Ci'r'= 
324 PR INn 1. "UD + UQ= 
325 PR Hln L "SUBL HlATI Oti TEr-1PEF:ATURE 00 = 
335 PRHIT#1. "CELL DH1ENSIOtJ:3:" 
336 PRIttnL" A B e" 
3~:7 PRIt-lTtt3~1I 99.9999 99.:?999 99. 99:?9" 
338 PRINT#2 .. SQRCA).SQRCS;' .. SQR(C) 
340 PF:INnL "ATO~l CHARGE :: 'T' 

".:UZ 
".:UR 
"; F~E 
U; H:3-UC-TS+F~E+UZ 
.. ,: TS.····. (to 1 987 

350 F'F~INT~31 "AAFtA 89.9999 S.9999 S.9999 :3.9999 9.9999 
360 FORI=1 TOt·IA 
370 PRINT32,AI(I);CHR'C29);Q(I),X(I) .. V(I) .. ZCI) .. AL(I) .. E(I) 
380 ~IE;<T 
39(1 END 

CHF:. E~I. (E'./) II 

500 T=NA: FORI=1 TOt·tA 
510'T=T+l:X(T)=-X(I):Y(T)=-Y(I)::(T)=-:(r)'~!(7)=A!(!~:Q(T)=G(i) 
512 Aln)=AUD 'ECT)=E<I;' 
520 FOEC!= 1 TOT-1 
530 IFABS(SINerr"(X(Q)-X(T») 
540 IFABS(SIHCrr*(V(Q)-V(T») 
559 IFABS(SIt-lCn*(Z(Q)-ZeT») 
560 T=T-1: IFT<11ATHENT=~tA 
570 NEXT: NE)·':T: ItA=T: T=(l 
58e RETURII 
60e FOR I = lTotlA 
610 IFX(I)(OTHEt-lXeI)=XCI)+l 
62f.l IF'T'( I > <9THEH',., ( r )='r'( I )+1 
63e IF2( I )<0THEllZ ': I ) =ze I ) + 1 
64a IFX(D>=lTHENX(D=~':<I)-l 
650IFY(!»=lTHEH'T'(D='T'(I>-1 
660 IFZ(I»=1THENZ(I)=Z(I)-1 
670 NEXT:RETURN 

10t-5THEr'1570 
1 £ll-STHElI57IJ 
UH-5THEt-l570 
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2ND BAS I C RAD IUS - CALCULATES THE D I :3PEFS I CIt I Et·/ERG',', THE REPULS I ON 
ENERG'r'.. At·m THE REPUL:3 I ON RAD I U::; OF THE C:::tlTRAL 
ATOt'1 IN THE CATIml FOR A CP'r'STAlLHlE ~AL i 

10 INPUT-TITLE";TS 
20 INPUT"CELL IIU1ENSIOt·IS"; A, B, C: A=Al2' B=Bt2' C=Ct2 
4£1 HlPUT"1t OF ATOt'IS HI THE FOR~IUlA Ut·IIT".; N 
45 HlPUT" It OF s'ml'IETRY OPEF:ATIOt·/S HI THE ACENTRICGPOUP (E;"':ClUDING IDEtITIT'r'>".; liS 
47 ~/A=~I*(NS+1)*2+1 
50 DHlA$(NA), X(NA), ','(NA), Z(~/A), AUt/A), EnIA)., Q(NA), RHIFLo 
51 DII1~<:T<t-IS), 'r'T(NS), ZT<NS) , ?;F(~IS), ','F(I'IS), ZF(N:3) 
54 PF:ItIT_ . __ . . . 
55 PRINT"BASIC RADIUS lolILL BE CALCULATED FOR ATOl1 It!": PRINT 
613 PRHlT"FOF: EACH ATOI'1, ENTER THE NA~IE, CHARGE, AND COORDINATES" 
7S FORI=ITON 
SO PRINT!; : INPUTA$( I), C/( I;'., X( I), Y( I), Z( I;' 
9£1 IIE)<:T 
95 PRINT"ENTERTHE POLARIZAEILIT'r'(A·t8)A~1D CHAF:ACTEF:ISTIC E~IEF:G'r'(E"/)" 
1130 FOR I=lTON 
105 IF A$( 1)=A$(1 -DTHENE(! )=E( 1-1) : AU D=AL( I -1) : GOTCI115 
110 PRINTA.CI); : INPUT AL(I),E(I) 
115 IIE;<:T 
116 PRHIT"8ITERTHE BASIC RADIUS" 
117 FOR I =2TOt~ 
118 IFA.( I )=A$( I-I )THEtIRe I )=R( I-I) : GOTOI2£1 
119 PRINTASCI); :INPUTR(I) 
120 NEXT 
135 HIPUT"1t OF ATOI'IS IN THE IO~I CONTAUmlG ATOM 1 ";Nl 
145 PRINT" FOR EACH s'mMETRY OPEF:ATIOtl, EHTEF: ;":TRANS, )<:FFtCTOR, 'r'TRANS, ETC. 
150 FOR I = 1 TOt IS : F'R I NT I; : I tIF'lm':T< I ) , ;';F (I;' , 'r'T ( I ;. , ','F ( I ;. , ZT ( I ) , ZF( I;' : I·IE:,·;, 
151 INPUT" CENTR I C SPACE GF:OUP".; C' 
152 INPUT"REF'ULSIOtl PAF:AI'IETER(A)"; RH 
153 HIPUT" COUlOliB ENERG'r"'; UC 
155 T=N: FORI=1 Tot·l: FORJ=1 TOI·IS 
160 T=T+l:X(T)=XF(J)*X(I)+XTeJ):Y(T)=YF<J)*Y(I)+YTeJ):2(T)=ZF'J)*Z(I)+ZT(J) 
165 At(T)=A$(I):Q(T)=Q(I):ALCT)=AL(I):ECT)=ECI):RCT)=RCI) 
170 FORQ=lTOT-1 
175. IFABS(SIN( 1T*(X([D-XCT))) »10t-5THEtI195 
180 IFABS(SIN( d(','(Q)-'r'(T») »1E.lt-5THEtH95 
185 IFABS(SIN( 1T*<Z(Q)-Z(T») »1 0t-5THEIH95 
190 T=T-1 :Q=T: IFT(NTHENT=tl 
195 NEXT: NEXT: I'IE:~T: NA=T: T=O 
210 IF LEFT$(C$,I)="Y"THENGOSUES00 
220 GOSUB600 
225 PF:INTNA 
230 FOR I = 1 TOIl 
240 FOR']= lTOt·IA 
250 FORQ=-1TOl:FORT=-lT01:FORS=-IT01 
251 IFABS(Q».5THEH260 
252 IFAE::3(S».5THEN260 
253 I FABS (n). 5THEtl26ft 
254 I F I -eN 1 +. SAI·/II.]}!11 +. 5THEtl260 
255 IFD~11 +. 5A~/IlJ>I·I+. 5THEH260 
256 I F I )111 +. 5A~/IlJ<tll +. 5THEN260 
258 GOTO:::(lO 
260 F:=SQPCAHX( I )-)<:< J)+Q)t2+E*('r'( I )-','(}H3) 1"2+(;*<2( I )-20)+1) l2) 
265 IFR=OTHEN3(10 
266 Rl=R(I)-R:R2=R(J)-R:R3=R(I)+R(J)-R 
267 IFAS( 1)=A.( 1)AtIDM(J)=A$( 1 HHEt'I:;A=:3A+( I+(Q( I )+00) ),/8HR/RH*EXPC-R,·'RH) 
268 IFA'(I)=A'(1)ANDA$CJ)()A'(1)THENSE=SB+(1+(Q(I)+Q(J»/8>*R/RH*EXP(R2/RH) 
269 IFA.( I )<>A'( 1 )ANDA:t(J)=A$( 1 HHENSE:=SB+( 1 +(Q( I )+QU) )/S:,·tR,·'F.:H*E:'<P(R1/F.:H) 
27£1 IFA.( I )<)A:f( 1 )ANIIA:t(J)OA'( 1 HHEN:::C=SC+( 1 +(Q( I) +Q'J) ),'c:>+Ro'F:H*E;',:P(R3,"RH) 
276 IFA! (1) =At( 1)ANIIAt(J)=AI( 1 HHHIA:;=A-::+( 1 HO( I )+Q(J) ),'8HE:';P( -R/RH) 
277 IFA:f( I )=AS( 1 )ANDA$(J)OA:f( 1)THEtIBS=BS+( 1 +(Q( I )+Q( J) )/S)*E)<P<F:2,·'F:H) 
278 IFA$( nOAt( 1 )ANDA$(J)=A$( 1 HHEtlBS=BS+( 1HQ( I )+Q(J) )/:::HE:'·:PCRl.·'F:H> 
279 IFAS( I lOA$( 1 )ANDA$(J)()A'( 1 HHEIICS=C::;+( 1 + CO( I )+C/(J) ),'S)*E);P(R3/RH) 
285 UD=UD+ 1/R1-t:.t.AL< I HAUJHE( I HEC J)/( EC I )+EO) >+:3/4*23. 135 
308 NEXT: HE;,:T : ~lE)(T : NEXT: NE:,;T : UQ=UD*. 12 
301 AR=SE12+HSA*( <UC+6*UD+s*um/7. 1934244-SC) 
382 UR=F:H*I.OG ( (-SE+SQR (AR;' ;. / (2*~:A;' ) 
303 RE=7. 1934244*(E)<:F'(2*UF.:/RHHAS+E:';PC (UR) .. 'RHHB:::+CS) 
3100PEH1,4:0PEN2,4,1:0PEN3 .. 4,2 
315 PRINT#1:PRINTltljCHR$(1) .. 7. 
319 PF:INTltl, "COULOt'IE: E!IEF.:G'r'(KCAL·'I'IOLE)= "; UC 
320 PR HI TIt 1 , "D I POLE - D I POLE D I ::.PERS I ON EtIERG'r'= "; UD 
321 PR I NTit 1 , "II I POLE -QUAIIRUPOLE EtIER(i'r'= " ; UQ 
322 F.: ( 1 ) =UR : FOR I = 1 TONA : I FA. ( z::. =A' 0:: 1 >THEt·lR (I ) =UP 
323 IIEXT 
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324 PRINTltt.. "REPULSION PARA~lETER(A)= ".; RH 
325 PR HIT# L "REPULS I 01-1 ENERG'f'= " ; RE 
3~ PRINT#I, "CELL DHlEI15IONS:" 
336 PRINHI," R B C" 
337 PRINT#3," 99.9999 99.9999 99.9999" 
338 PRINH2, SQR(R), SOR(E)., SOR(C) 
34(1 PRINH3, ".9 S9A .9 S9A .959A" 
341 PRINHL "SWlt'lETR'f' OPEF~ATIOIIS:": FORI=1TOIlS 
345 PRINT#2,XTCI);XF(I);"X";CHR'(29);YTCI);YFCI);"Y";CHRSC29),ZTCI);ZFeI);"Z" 
346 HEXT 
347 .IF LEFTSCCS, 1 )-()"'r'''THEt·1PRHlTltI, "ARCEIITRIC ~;PACE GROUP" 
348 IF LEFT$(C$, 1 )="Y"THENPRINTIH, "CCEmRIC ::;PRCE (;ROUP'~ 
349 PRINT#L "ATO~l CHAF~GE ~< 'f' Z RADIUS POL<A-t3) CHR.EI1. eEl,!) 
35(1 PRIHH3, "AARA 59.9999 5.9999 3.9999 S.9~~99 9.9999 9.9999 99.9999" 
360 FORI=ITONA 
37(1 PRINT#2AA'(I);CHR$(29);Q(I),X(I),yeI),Z(I)~R(1),RL(I),E(I) 
380 NEXT 
390 EllD 
500 T=NA: FORI=1 TOt-1A 
51(1 T=T+l:X(T)=-X(I):Y(T)=-YCI):Z<T)=-Z(I):A'(T)=A$(I):Q(T)=Q(I):RCT)=RCI) 
515 AL(T)=AL(I):E(T)=E(I) 
520 FORQ=ITOT-I 
53(1 IFABS(5IN(rrHX(Q)-:>;(T)) >10-t-5THEN57e 
54(1 IFABS(SIII< "*('f'(Q)-~'(n» ) 1(l1'-5THEI·157(1 
sse IFABS(5IN(II*(Z(Q)-z(n);. )- 101'-5THEN570 
5613 T=T -1 : Q=T : 1FT <lIATHENT=~IR 
578 NEXT: NE}<T : ~IA=T : T=O 

·580 RETURN 
6ee FORI=N+ITONA 
6H) IFX( r>«(1THEN>:( D=X( 1)+1 
62e IF~'( I ) (OTHEN'r'( I) =~'( I) + 1 
63(1 IF:( D(OTHENZ( I)=Z( 1)+1 
649 IFX( I »=1 THEN;'; ( I )=X( I )-1 
650 IFYCI»=ITHENYCI)=Y(I)-I 
660 IFZ(I»-=ITHENZeI)=Z(I)-l 
670 NEXT·RETURN 
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