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ENERGETIC AND STRUCTURAL RELATIONSHIPS INVOLVED
IN THE INTERCALATION OF GRAPHITE BY FLUOROSPECIES

Kostantinos Kourtakis

Department of Chemistry
University of California
Berkeley, California 94720

ABSTRACT

Raman spectra of the products of the low temperature

reaction:
ONCl(g) + ClF%AsFg™(g) » NOYAsFg™(g) + "CLyFp"

show that a novel chlorine fluoride is formed. This "ClyF,"
species is unstable above =30 °C, and will decompose into
chlorine monofluoride: "Cl,yF; -+ 2ClF". Raman spectra below

-30 °C show strong bands at 794(1), 752(1) and 673(1) em~1,
A comparison of this spectrum with low temperature spectra of
ClF3(y) and ClF(,) suggests "ClyFy" is not a "T"-shaped
derivative of ClFj3, but is instead a loosely bound complex of
two interacting C1lF molecules. '

The following.fluoride ion donor enthalpies, (AFX(g) >
AFx-1(g) * F (g)) have been determined from experimental evi-
dence: AH°(IF7(g) > IF6+(g) + F-(g))= 209; AH°(SF4(g) >
SF3+(g) + F-(g))= 215; AH°(ClF3(g) > ClF2+(g) + F—(g))> 220
kcal mol~l. 1In addition, -(AH°(WF6(g) + e~ > WFG'(g)) has
shown to be less than 97 kcal mol~l.

These results have been used to further clarify the
thermochemistry of graphite intercalation. Additional support
is presented for a thermodynamic barrier to the oxidation of
graphite by fluoro-guest species. Evidence is presented which
corroborates the proposal of a kinetic barrier which prevents
the full reduction of CyPFg (x= 29-33) by PF3 to graphite
(PFg~ + 1/2 PF3 » 3/2 PFg + e”). This barrier is present
even when the graphite fluorophosphate (C4PFg) has not been
fludrinated. The rapid removal of volatiles after reduction
by PF3 demonstrates that the neutral reduction products are

ix



not slowly percolating through charged species. The remaining
PFg~ must be in "closed pockets". Since graphite is not
intercalated by PFg even under high pressure of the gas, the
reduction of C4PFg to graphite by PF3 would be complete'except
for this kinetic barrier.

When PFg is in excess of F; in a reaction mixture used to h
prepare second stage Cy4PFg (x= 23-33), conductivity data
indicate that fluorination of the carbon host is minimized.
Conductivity measurements were performed on polycrystalline
pellets rather than samples prepared from HOPG (highly
oriented pyrolitic graphite). The large particle size of the
latter makes the accurate determination of stoichiometry dif-
ficult because of the slow removal of neutral molecules close
to the centers of the particles.

The displacement of PFg from CyPFgz salts (of second stage
or higher) by BF3 has been shown to be quantitative. This
unexpected finding has been accounted for by the discovery
that neutral BFj molecules are incorporated into the BF4~ salt
product. The net reaction stoichiometry (for the vacuum
stable product) is:

CxPFg + 4/3 BF3 > CyBF4:1/3(BF3), x= 23-33
The BF3 acts as an effective dielectric to screen the BF4~
from one another. X-ray diffraction data have been employed
to show that the guest species (both BF4~ and BF3) in
CyxBF4+1/3(BF3) are close-packed, such that the F ligands
constitute a hexagonal close-packed double layer, with the B
atoms inserted in either tetrahedral (for BF4~) or trigonal
(for BF3) holes. Fluorination of CyBF4-1/3(BFj):
‘ CyBF4+1/3(BF3) + n2/3Fy > Cyx(BFg)ng/3
destroys this close packing and as a consequence, fourth or
third stage C4BF4°+1/3(BF3) salts are converted to second stage
materials. This is a consequence of the removal of the scre-
ening influence of the neutral BF3 molecules.
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Chapter 1

1.1 Introduction

This thesis is divided into three sections. The firsﬁ
section (Chapter 2) deals with some thermodynamic consid-
erations of the strengths of fluorocacids and bases. The
second (Chapter 3) consists mainly of studies on the new
interhalogen fluorospecies ClyF,. Finally, fluoroborate and-
fluorophosphate intercalation salts of graphite will be
discussed in Chapters 4-6 and a general overview of their
chemistry presented. In these last chapters I have tried to
establish a link between graphite intercalation and the

thermochemistry of the intercalating fluorospecies.



1.2 General Experimental

1.21 Vacuum Line Techniques: All reactions were performed
in a stainless steel 3/8" o.d. vacuum line fitted with new,
lower pressure Autoclave Engineers valves (HT-A11437, 7500 psi
at room temperature) and "T" and cross connectors (HT847661T,
7500 psi). The vacuum line was connected to two good vacuum
pumps, one on either side of the line. Pressure could be
monitored by a Helicoid gauge (0-1500 mm Hg) and a Varian 0531
thermocouple gauge (5-500 w). Fluorine was disposed of
through a soda lime tower attached to the second pump. The
vacuum line was routinely passivated with ClF3 prior to use.
Pyrex liquid nitrogen traps protected each vacuum pump.

Under these conditions, pressures of 10-30 u cbuld be
routinely attained, with 40 p used as a ceiling for all
manipulations. Virtually no maintenance was required of the
vacuum line, excluding the vacuum pumps themselves. Con-
nections were made using metal ferrules and the autoclave

valves proved to be very rugged and resistant to corrosion.

1.22 Infrared spectra were routinely recorded in the gas
phase in large (100 ml) monel infrared cells of 10 cm path
length fitted with AgCl windows (5 mm thick). The inner walls
of the cell were coated with silver metal, and a Whitey low
pressure valve was attached. A Perkin-Elmer 591 spectrophoto-
meter, and later a Nicolet 5DX Fourier Transform spectro-

photometer were used to acquire the infrared spectra (resolu-



tion = 2 ecm~1l). The infrared cell was well passivated with
ClF3 prior to use. It was found that AgtPFg~ and Ag'BF,~ will
form on the AgCl windows after passivatioh with ClF3 and
exposure to PFg or BF3. PF3, BF3 and AsFg will diéplace PFg
from the Ag+PF6' on the cell walls; the products were visible
in the infrared spectra of the wvolatiles. Thé infrared cell
was seasoned with each volatile before an infrared spectrum

was recorded.

1.23 Raman spectra were recorded on a Jobin-Yvon HG2S
spectrophotometer controlled by a Nicolet 1180E computer.
Details of the low temperature experimental conditions are

given in Chapter 3.

1.24 X-ray data were obtained using the Debye-Scherrer
method. Quartz capillaries (0.5 and 0.7 mm, Charles Supper
Co., Natick, Mass.) were used for all samples. Typical air-
sensitive samples were loaded in a moisture-free argon
atmosphere Drilab (Vacuum Atmospheres, Inc.) and capped with
silicon grease prior to sealing with a microtorch. X-ray
diffraction experiments of the high pressure in situ capillary
reactions normally employed a Whitey valve and a swagelock
1/4" to 1/8" adapter fitted, using teflon ferrules, to a 0.7
mm quartz capillary. Pressure was monitored with a high

pressure Acco gauge (0 to 500 psi).



Chapter 2
Thermodynamic Studies
2.1 Introduction
The stabilization of unusually high oxidation state
species, an ongoing concern in this research group, requires
the use of potent oxidizers. An earlier noteworthy examplel p
of this is the stabilization of the cation 0% in the salt
02+PtF6‘(c). The ionization energy of Oj(4) is 281 kcal
mol‘l, indicating that PtFg is one of the strongest oxidizers
known; Bartlett? was subsequently able to show that even Xe*t
could be stabilized by this hexafluoride through the synthesis
of XePtFg, the first noble gas compound.

The determination of the relative oxidizing strengths of
the third transition series hexafluorides was desirable to
provide a basis for an understanding of their extraordinarily
high electron affinities. (In Chapter 6 the oxidizing ability
of the third transition series and its link to graphite
intercalation chemistry is summarized.) Electron affinity
evaluations were initially based upon thermochemical estimates
and observat_ions3 of the reactivity of the metal hexafluorides
with No(g) and ONF(g); some of this chemistry is summarized in

Table 6.4. From such studies it appeared that the electron

o’ 3

affinity of the third transition series increases smoothly by
about 1 eV with each increase in atomic number4. These early
evaluations were very rough, however, and more recent work has

assessed them more accurately.
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In order to determine the oxidizing strength.of the hexa-
fluorides and other fluorospecies, an accurate determination
of the lattice enthalpy of the ionic salts involved in the
Born-Haber cycle is required. 1If, in addition, the reaction
entropy (AS°) is known or. can be evaluated, a range limit for
the enthalpy of reaction (AH®°) can be arrived at on the basis
of the observed chemistry. The cycle below illustrates the -
interplay of these parameters.

' AT(g) + X(g)
sHe® (A¥ (g)) I E I U

A + X ——— A+X-(c)

AG°< 0 when AHg°< +TAS®
_— ]

Since the enthalpy of formation of gaseous ion at is often
known from experiment, the electron affinity (E) can be ob-
tained if AHyezctijon (A + X) and U are also known. The evalu-
ation of AHpgaction €an be made calorimetrically but if AG = 0
it must be numerically equal to +TAS. In this instance, then,
where A, X and AX (o) are in equilibrium the AHpgsction can be
estimated from the entropy change.

While the entropies of gaseous neutrals are generally
available, the entropies of many ionic solids are not.
Recently some accurate and.useful'trends for the entropies of
highly ionic solids were compiled by Bartlett and Mallouk-.

It was found that these entropies varied in a linear fashion
with the formula unit volumes according to the equation:

5



s°(cal mol~l deg™l) = 0.44 v (&3) (1)

Likewise, an inverse linear relation between the lattice
enthalpy and the cube root of formula unit volumes was
observed to hold well for complex fluorides of general formula
atx-:

Ujattice (kcal mol™l) = 556.3 v~1/3(&-1) + 26.3 (2)
The second relationship is valid because the lattice enthal-
pies of ionic salts have Madelung components which comprise
90% of the total lattice enthalpy and which vary as the
inverse of the sum of the "ionic" radii. The first relation-
ship is somewhat more surprising; however, the correlation of
the relationship is excellent (accurate to within 5-10 cal
mol-1l deg'l) and, at least for the fluorides investigated in
this study, appears to be a good empirical rule. With
reliable lattice energy and entropy evaluations at hand it .is
then usually possible to determine the electron affinity
necessary to stabilize the salt A+X’(c). This however deals
only with the issue of the stabilization of ATX7(() with
respect to charge transfer (A and X neutral). Another |
important concern has to be with transfer of an anionic
fragment of X~ from X~ to AY. This is a common mode of
decomposition in fluorocanion salts of high oxidation state
species, when F~ is transferred from anion to cation.

An instance of this fluoride ion captﬁre by the cation is

the reversible dissociation of IFg*BF;” (o), which was inves-

tigated in this work:



IFgTBF4 ™ (¢) » IF7(g) + BF3(g)
Here the fluoride ion donor strength of IF;, the fluoroacid
strength of BF3, the lattice enthalpy and the entropy change
make fof a system in equilibrium at room temperatures.

Fluoride ion transfers as well as electron transfers
occur in graphite intercalation compounds, and account for the
complexity of that chemistry; this will be discussed in
Chapter 4.

In this work, experimental evidence is presented from
which the fluoride ion donor enthalpy of IF7(q) (AH°(IF7(g4)
IF6+(g) + F (g))) is derived. A comparison is drawn between
IF;, its electronic relative XeFg, and its transition element
relative ReF7 as well as several other fluoride ion donor
molecules. The evaluation of the lattice enthalpies used to
determine the electron affinitiés of some transition metal

hexafluorides are also described.



2.2 Results and Discussion
2.21 The Fluoride Ion Donor Enthalpy of IF7(g), SF4(g) and
ClF3(qg)

The salt IF6+BF4' was first reported by Seel and Detmer®
but an evaluation of its thermodynamic stability has so far
been lacking. In this work Raman spectra of the product of
the interaction of IF7 and BF3 indicate that the IFg'BF,- salt
exists at -60°C, but dissociates to the separate molecules IFy
and BF3 at higher temperatures. Evidently, WG°3713(IF7(4) t
BF3(g) * IFg'BF4 (c))= 0, and it follows that evaluation of
the TAS term will then provide the fluoride ion donor enthalpy
BH® (IF7(g) » IFgT(g) + F (g))-

The standard entropy of IF6+BF4‘(C) at 213 K obtained
from the correlation with ionic volume given in equation (1),
in combination with S°(IF7(gj)7 = 82.8 cal mol-l degf1 and
S°(BF3(g))’ = 60.7 cal mol~l deg™l yields -Tas°= 16(3) kcal
mol=l. Thus AH®(IFq(g) + BF3(q) IF6+BF4‘(C)) = =16(3) kecal
mol~l. The fluoride-ion affinity of BF3(g) has been recently
evaluatedd: AH°(BF3(gq) + F(g) @ BF4 (g))= -92(3) kcal mol=1l.
From the linear correlation of the lattice enthalpy with the

inverse of the cube root of the ionic volume (equaﬁion (2)),

AH1attice(IFg*(g) + BF4 ™ (g) @ IFg'BF4 (c)) = -132(4) kecal
mol-1l, Hence, AH°(IF7(g) > IF6+(g) + F'(g)) = 208(6) kcal
mol~1l.

In addition, present studies show that the following

reaction is near equilibrium (see Figure 2.1):



AG°43(IFgTASFg™ (o) + SFy(q) » IF7(g) + SF3%AsFg™(¢))= 0
This allows us to draw a comparison between the fluoride donor
ability of SF4(g) and IFy(gq). The lattice enthalpy of
IF5+AsF6' has been evaluated using the method of Bertaut8 as
modified by Témpleton9 and is believed to be highly reliable.
From that approachl® AH] aprice(IFgtASFg™)= -126 kcal mol~1l;
this is a point on the line described by equation (2). An
evaluation of the lattice enthalpy for SF3+AsF6' using
equation (2) gives AHjzttice(SF3AsFg)= -133 kcal mol-l. Since
the reaction involves the same number of moles of gas in
reactants and products, and in each salt one F~ is transferred
to make the two gaseous molecules, TAS®°543= 0. Thus,
[AH® (SF4(g)> SF3¥(q) + F7(g)] = [8H(IF7(q) » IFgT(g) + F (qg))]
= 7 kecal mol~l. Hence, the fluoride ion separation energy of
SFq(g) is 215(6) kcal mol~l. An independent determination?
gives 211(5) kcal mol‘l, which is in agreement within the
experimental error.

Although the reverse reaction could not be achieved,
ClF3(4) was observed to react with SF3TAsFg™(¢):

ClF3(g) + SF3*AsFg™ (o) » CLF%AsFg™(c) + SFy(q)
This permits a lower limit determination of the fluoride ion
donor strength of C1F3(g). From the lattice enthalpy corre-
lation of equation (2), AHjatrjce(SF3*AsFg™(c)) = 134 kecal
mol~l and AH]zttice (CLFASFg™ (o) )= 139 kcal mol~l. For the
same reasons given in the preceding case, TAS°= 0. Thus,

[8H®(C1F3(g) » ClFp%(g) + F (qg))] = [BH®(SF4(q) > SF3¥(g) +



F7(g))1 > 5 kecal mol~l. Using a value for the SF4(g) fluoride
ion donor energy of 215(6) kcal mol'l, we obtain AH°(C1F3(g) >
C1F,%(gq) + F7(g)) > 220 kcal mol™l. Mallouk® had estimated,

by an independent route, this value to be 223 kcal mol-1l.

2.22 Lattice enthalpy calculation of KOsFg

A detailed calculation of the lattice enthalpy of KOsFg,
for which the structure is accurately knownll, was performed
using the methods outlined in Table 2.1 and described in
detail in reference (5). AH°(WFg(gq) + e » WFg (g4)) was re-
evaluated from thermochemical data of Burgess et al.l2, They
had measured the heats of alkaline hypochlorite hydrolysis of
M*WFg~ and M*MoFg~ salts (M = K, Rb, Cs), and used Kapu-
stinskii's equation13 to calculate the lattice enthalpies.
The newly calculated value for the lattice energy of K+OsF6’
was found to be 2 kcal mol~l less exothermic than the value
obtained from equation (2), described earlier. This 2 kcal
mol-1 change in intercept for equation (2) was used in the
evaluation of the lattice enthalpies of structurally similarl4
ATMFs~ salts listed in Table 2.2. These new lattice enthalpy
values were then used, in place of those evaluated by Kapus-
tinskii's equation, to calculate\a corrected electron af-

finity.

10



2.23 The electron affinity of WEg

Present studies show that NO(g4) and WFg(g) Will not react
even at -30°C and in solvents such as SO,ClF. (Although NO
and WFg are each soluble in this molecular solvent, it is
known that NO+MF6‘ has very low solubility in it). This
evidence for the absence of charge transfer interaction
between the NO and WFg provide for a determination of the
lower limit for the electron affihity of WFg(g)-

The entropy and lattice enthalpy of NOWFg can be deter-
mined bj using equations (2) and (1), respectively; AH®jattice
(NO™WFg™(c))= -134 kecal mol™l; S°(NO*WFg™ (o)) = 56 cal mol-l
deg'l. Therefore, TAS®°= =18 kcal mol~l at —305C for the
‘reaction: |
| | NO(q) + WFg(g) = NOYWFg™(()
and the enthalpy change, -AH°, must be less than 18 kcal
mol-1l; otherwisé, the-reaction would occur spontaneously.
Sincel3 AH® (NO(g) » NOT(g4) + e7)= 213(1) kcal mol~l, then
—[AH°(WF6(g) + e” » WF5“(g))]< 97 kcal mol~l. This differs
from the value cited by Compton et al. 16, who found a lower
limit of 113 kcal mol-1 by observing the collisional energy
threshold for production of WF6'~in crossed beams of WFg and
alkali atoms. This also disagrees with the corrected electron
affinity (110 kcal mol~l) described earlier and in Table 2.2.
In contrast, Beaucham§ et g;;17 observed, in cyclotron
resonance studies involving WFg(qg) and F'(g) or Cl'(g), that

electron transfer occurred in the former interaction and not

11



in the latter. Accordingly, they concluded that the electron
affinity of WFG{g) had a value of 81(3) kcal mol~l. This is
the value which the present studies support.

If we also accept the experimental value of Nikitin et
al. for E(Pth)18 =184(7) kcal mol~l and accept the smooth
increase in E(MFg) which the chemical evidence supports4 the
E(MFg) values are those listed in Table 4.5. These values
represent an increase of 26 kcal mol~1l per unit increase in
nﬁclear charge, rather than 23 kcal mol~1 suggested many years
ago by Bartlett4.

Although PtFg~, and even more so AuFg~, have very high
ionization potentials they are unable to stabilize cations
such as KrF*19 and ReFgt. Those anions lose F~ to the cation
with the resulting decomposition of the salt to the component
acid and base. Clearly the greater the exothermicity of the
fluoride ion enthalpy (all other terms being equal) the
greater is the thermal stability of the salt likely to be.
Also, the less exothermic the fluoridé-ion affinity of the
cation (or the smaller the fluoride-ion.separation enthalpy of
the donor fluoride) the more stable a salt is likely to be.

The fluoride ion separation enthalpies of several hyper-
valent fluorides are given in Table 2.3. The similarity of
these values is consistent with a simple bonding model which
is comparable to that found in interhalogen compounds and the

noble gas difluorides.
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One model of the bonding.in noble gasvfluorides and in
other non-metal hypervalent compounds does not include d
orbitals (their participation is traditionally required by the
valence bond model). This view of only minor d orbital
participation is supported by a number of theoretical stu-
dies20. For two linear trans fluorine ligands (F) and a
central.atom (E), the bonding arises from two equally probablé
canonical forms {(F-E)*F~ and F~(E-F)*} which give a resonance
hybrid; in this case one half negative charge is associated
with each fluorine, and each E-F bond order is one half that
of an electrgn pair bond. An equivalent description in |
molecular orbital terms is the delocalized three-center, four-
electron bond. In this model one p orbital on the central
atom is combined with a p orbital from each of a pair of trans
fluorine atoms to form three molecular orbitals. The lowest
energy (bonding) molecular orbital is constructed from the in
phase overlap of three p orbitals; the highest energy (anti-
bonding) orbital is derived from the out of phase combination
of these orbitals. A third molecular orbital is approximately
non-bonding and involves contributions from each fluérine but
no contribution from the central atom. Four electrons, one
from each fluorine and two from the central atom, are used to
fill the lowest bonding orbital and the non-bonding orbital.
This localizes -0.5 charge on each fluorine atom and the E-F
bond.order is 0.5, which is identical to the predictions of

the resonance hybrid model.

13



This simple bonding model can explain the close similar-
ity in the fluoride ion donor abilities of XeF,, XeF, and
XeFg. The enthalpy involved in fluoride ion abstraction,

AH® (EFy(g) » EFx-1%(g) * F (g)) can be obtained from the sum
of the energies of three processes, (i) the loss of electron
delocalization in the formation of an (F-E)¥F~ ion pair, (ii)
the contraction in bond length of (E-F)* and the enhancement
of that bond energy, and (iii) the separation of (F-E)* from
F~ to infinity. The first process is a measure of the energy
advantage of the average canonical form (or the three-center,
four electron bond): [F~1/2-gt-p-1/2} ((F-E)*-F~ and F~(E-F)%}
over (F-E)YF~ or F™(E-F)*. The delocalization energy has been
empirically evaluated for the noble gas difluorides?l to be
near 50 kcal mol~l. This must be a consequence of the 50 kcal
mol-1 enerqgy of the‘addition of the electron to two F atoms
rather than one.

The process, (ii) contributes exothermically to the F~
separation process by less than 2 kcal mol~1.25 The third
process is equivalent to the work of separation of ions from
2.0 & to infinity, or 166 kcal mol~l. The sum, 218 kcal
mol'l, is remarkably close to the fluoride ion separation
energies of these hypervalent fluorides.

Secondary factors can influence the ordering of the
enthalpies which are shown in Table 2.3. The positive charge
borne by Xe in XeF, is higher than that in XeF,; as expected,

the fluoride ion separation energy of XeF, is greater than
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that of XeF,. Although the positive charge on the central
atom is even higher in XeFg, this molecule will release
fluoride ion more easily than XeF;. Steric crowding of the
fluorine ligands in XeFg probably aids the release of fluoride
ion, compensating for the greater charge on Xe.

4The low value of the ionization enthalpy of ONF is par-
ticularly noteworthy in this list of donors. Clearly, from
the known interatomic distances and stretching force constants
this molecule is close to being the ion pair ONtF~. The lone
N-F bond (1.52 A)22 alone demonstrates a weaker bond than that
which occurs in NF3 (1.36(2) A)23. At most the N-F bond in
ONF is a single electron bond. Evidently the NO bonding
approaches that of the N; molecules, with maximum m boding
between those atoms (N-0 (in ONF)22 = 1.13 A; N-N (in N2)24 =
1.095 A). It will be noted that close approach of the F ligand
to N would bring the w symmetry electrons (formally non-
bonding) of the F into an antibonding m role as far as the N-O
bond is concerned. ‘The observed arrangement in ONF and its
high basicity may thérefore be a consequence of this maximiz-
ing of NO 7 bonding and minimizing of F-N antibonding 1 influ-
ences on that bond. In particular the ionization:

(ONF(g) = ON¥(g4) + F7(g))

" does not involve the loss of resonance energy such as is typ-
ical of.the hypervalent species. In this case the electron of
the F~ is already largely localized oﬁ that atom in the

gaseous molecule.
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A surprising finding is the close similarity in the
fluoride ion separation enthalpies of IF; and ReFy and those
of the noble gas fluorides. The enthalpies of fluoride ion
abstraction are consistent with the wvalue predicted from the
delocalized bonding model. This implies that the amount of d
orbital participation is not great. 1In IFy, it may be argued
that because the d orbitals are high in energy, the promotion
energy required to involve them in bonding, to form something
like an sp2d3 hybrid, is very great. Because 4 orbitals are
ordinarily available for bond formation in the case of rhenium
it has usually been supposed that the bonding in ReFy7 involved
seven electron-pair bonds, the valence bond description using
an appropriate combination of s, p and 4 functions of the Re
atoms. This observed similarity of IF; and ReF; suggests
similar bonding for both. Perhaps the high ligénd field
produced by the seven small electronegative F ligands not only
contracts the outer 4 orbitals of iodine to some small
participation in the bonding of IF7 but also contracts those
of Re to significantly reduce their importance to the bonding

in ReF.
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2.3 Experimental

2.31 Reaction of IF; with BFj

Iodine heptafluoride (stored over NaF), and boron trifluoride
(Ozark Mahoning, Tulsa OK) were used after the high purity had
been established by infrared spectroscopy. A small, thick-
walled quartz tube, similar to thermometer tubing (1.25 mm
i.d., 0.334 ml volume), was employed to allow for higher
pressures and a minimal amoﬁnt of dead space in the reactor.
BF3 and IFy were sequentially condensed at -196°C in 4:1 molar
ratio (net pressure, 36 atm). Raman spectra were obtained
using a Jobin-¥Yvon HG2S Ramanor Spectrophotometer and a
krypton (647.1 nm) ion laser. For lower temperatures, samples
were held in a stream of cold nitrogen (jacketed by warm
nitrogen to prevent ice fdrmation). At -60°C Raman spectra
showed vibrational bands which can be assigned to IFg" (vq:
735, vp: 711, vg: 343 cm~l).

2.32 Reaction of NO with WFg

1:1 molar ratios of NO and WFg were condensed into a quartz
capillary. NO and WFg alone were not observed to react under
these conditions. SO,ClF was then condensed into the reactor
as a solvent, to promote reaction. At =-30°C, no new vibra-
tional bands were observed by Raman spectroscopy; unreacted
SO,ClF and WFg were visible.

2.33 Reaction of SF, with IF¢%AsFg~

IF:tASF:~ was prepared by 1l:1 condensation of IF-y and AsF
6 6 (c) 7 5

in a 1/4" o.d. quartz tube at -196°C. SF4 was then condensed
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onto the salt to provide a final stoichiometry of 1l:1:
:SF,:IFgTASFg~. The reactor was allowed to reach room
temperature before cooling to -30 °C. This temperature cycle
was used in subsequent reactions to promote the reaction.
Product composition was obtained from Raman spectroscopy at -
30 °C using an Art exciting line. Addition of more SF4 to the
same sample resulted in increased Raman band intensities of
SF3* (v1 (strong)= 947, v (weak) = 928, v,(weak) = 534 cm™l)
at the cost of those of IF6+ (vyq (vstrong) = 730, vy(weak) =
710, vg (weak) = 342 cm™1):

IFgTASFg ™ (¢) + SF4(g) » IF7(g) + SF3TAsFg™(¢)
(see Figure 2.1). This was then countered by the addition of
excess IF; (3:1::IF7:SF3¥AsFg™); IFy(q) + SF3*AsFg™(¢) -
IF5+ASF5'(C) + SF4(g)- The reversibility of this reaction
indicates that the system in near equilibrium at -30 °C.

2.34 Reaction of SF, with C1F,%*asF¢~

CleAsF6(c) was prepared by condensing equimolar amounts of
ClF3 and AsFg in a 1/4" o.d. quartz reaction tube. SF,4 was
then added, following the same procedures as those outlined
above for the reaction of SF4 with IFgYAsFg~. ClF3 was
displaced by the SF4 but the reverse reaction could not be
achieved, demonstrating that the system was not near equili-

brium.
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Table 2.1 Lattlce Enthalpy of KOSF6
Space group: R3 Unit cell® : a= 7.487(1), c= 7. 487(1) &
_ : ' =3 -
Atom Atomic Positions Charge [32] gj
K (b) (0.5, 0.5, 0.5) . 1.00
F (f) (0.717(5), 0.789(5), 0.103) -0.2152
Os (a) ' (0,0,0) 0.2912
_a b c _d
: . Uelec Ugad. qu Ur
kcal mol~l. 140.64 31.95 3.83 40.26
e )
U, UL(OK) AH7,° (298K)
0.2 - 135.96 136.26
(the baSlC radius rg = 1.100 & )

Table 2.1 References »
¥ M.A. Hepworth, K. H “Jack and G. J Westland J. Inorganlc and

Nuclear Chemistry ;, 79 (19586).

‘a Ugjee = 18nR2 T

|F(hk2) |2
vV hk& .

(sina - acosa)? - 3/5R Zj qu
. a8 _

where F(hkL) = Ej qj.exp(Zﬁi g-gj), a = ZnR/dhkg,'qj-is the
charge on atom i.[obtained using the electronegativity
equalization procedure of Jolly and Perry (Inorg. Chem. 13,
2686 (1974))], her = hxj + kyj + nzj, and Xy, ¥y, 25 are the
fractional coordinates of atom j. R is one half the shortest
interatomic distance in the crystal dpkge is the distance
between hk2 lattlce planes and V is the volume of the unit
cell. In all calculatlons enough terms are included in the
- infinite sum over all hkg rec1procal vectors 'so that the
series termination error introduced is less than 0.8_kcal
mol~l. The sum over i inciudes‘the atoms in one unit cell.
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Variations of the charge, dqj, within reasonable limits
produced small (1-3%) variations in the electrostatic compo-
nent of the lattice enthalpy.
b Ugg= -3/2 Ij=j ajajejej/(ej + €4) rij'6
where a and € are respectively the polarizability and charac
teristic energy of the ion.
c qu is given by a summation in rij's; it is however,
generally 10 to 15% of Ugq. In this case it is taken as 0.12
Ugg-
d The Born and Mayer equation (Z.Physik, 75, 1(1932))was used:
Up= Zjz4 (1 + qj/nj + gj/n4) exp{(rj + ry - rij)/p}
n is the number of electrons in the outer shell of the ion, ¢
is the charge on the ion, ié its "basic radius" and L3 is
the distance between i and j. The constants b and p have the
values of 10-12 erg molecule~l and 0.333 & respectively. The
central atom in both the cation and anion were assumed to make
no contribution to U,. Variation of p between 0.333 and 0.360
A produced a variation of less than 2 kcal mol-l in the
lattice enthalpy. Likewise, a variation of Ugg + qu by 20%
(~10 kcal mol-1l) produced a change in the calculated lattice
enthalpy of less than 3 kcal mol'l, because of the compensat-
ing changes induced in U,.
e For relatively large, massive ions such as these in
EF6+MF6‘ crystals the zero point energy is small: U,= 0.2

kcal mol-1l.

f Uy = Uelec *Uaq *+ Ugq - Ur - Uz
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Table 2.2 Adjustments to Thermochemical Data¥
Molecular Original* Revised® Electron Affinity
Volume (A3) aHp° kcal mol~l aHpe® MFg(g) (revised)

KWFg  131.5 128 133(2) 111(3) kcal mol~l
RbWFg 132.9 125 133(2) 110(3)
CSWFg 147.9 121 129(2) 110(3)
KMoFg 128.9 129 134(2) 117(3)
RbMoFg 131.0 126 ©134(2) 118(3)
CsMoFg 145.8 122 130(2) - 117(3)

¥ Corrected from original data of reference (12)

+ From Kapustinkii's equation, used for the lattice
enthalpy determination of reference (12).

* fThis Work
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Table 2.3 Enthalpies of fluoride ion separation from IFy,
ReF7 and other fluorides

Process AH® (kcal molfl) Reference
ReF7(g) » ReFgt(g) + F7(q) 213(5) (a)
IF7(q) > IFgT(q) + F(q)  208(6) this work
XeFg(g) » XeF5¥(q) + F (q) 209 (b)
XeF4(g) > XeF3¥(g) + F(g) 221 (b)
XeFp(g) » XeF¥(q) + F7(g) 217 (b)
SF4(g) = SF3¥(q) *+ F(qg) 211(8) (c)
ONF(g) = ONT(4q) + F7(q) 188(1) (d) (e)

m

Table 2.2 References

(a) N.Bartlett, S.¥Yeh, K.Kourtakis, T.Mallouk, J. Fluorine
Chem. 26, 97-116 (1984).

(b) J. Berkowitz, W.A. Chupka, P.M. Guyon, J.H. Holloway and
R.Spohr, J. Phys. Chem. 75, 1461 (1971).

(c) T.E. Mallouk, G.L. Rosenthal, G. Muller, R. Brusasco and
N.Bartlett, Inorg. Chem. 23, 3167-3173 (1984).

(d) JANAF Thermochemical Table, Dow Chemical Co., Mich. 1971.

(e) H.S. Johnston, H.J. Bertin, J. Am. Chem. Soc. 81, 6402
(1959) J. Mol. Spectroscopy 3, 683 (1959).
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Chapter 3
Low Oxidation State Chlorine FLuorides

3.1 Introduction

The transient existence of the molecule Cl3F had been
postulated based on prior‘work in this laboratory. 1In their
investigations of the interaction of Cl; and IrFg Graham;_and
Richardson? found that the first-formed blue solid of ap-
proximately 1l:1 stoichiometry decomposed spontaneously through
a sequence of products, ending with IryFoq.

The initial blue 1:1 solid :

Cly + IrFg - ClytIrFg”

is formulated as the dichlorinyl salt on the basis? of

ESR spectroscopy. At ordinary laboratory temperatures this

‘salt rapidly decomposes and Raman spectroscopy shows the solid

product to be Cl3*IrFg~: |
3Cl,%*1rFg™ » 2Ccl3tIrFg™ + IrFg
with neutral Cl, so‘formed interacting with two adjacent 012+
cations in the laﬁtice to generate the trichlorine cation, the
remaining molecular IrFg then escaping.
In each of subsequent decompositions towards Ir4Féo there
is a net elimination of Cl3F. The sequence 1is probably as

follows:

2 Cly*IrFg” > ClytIr,F9” + [Cl3F]
2 Cl3+If2F11_ > Cl3+Ir4F21' + [Cl3F].

Cly%irgFol™ o IryF,p +  [Cl3F]
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Cl F F F
Cl—F él—Cl él——c1 Cl—F
él él é él
(Ia) (Ib) (IIa) (IIb)

The formation of Cl3F by fluoride ion addition to Cl3*
(Ia,Ib) would produce an equatorial fluorine if a "T" type
structure, analogous to that of ClF;, were obtained. Accord-
ing to the bonding schemes advanced by Rundel32 and Pimentel3P
which are described in Chapter 2, axial bonding can be
represented in terms of only p orbitals, which form a set of
three-center, four-electron bonds; equatorially, a normal ‘
electron pair bond is formed. The axial ligands each bear one
half negative charge by virtue of the non-bonding molecular
orbital of the three-center, four-electron bond. Because of
this increased electron density, more electronegative ligands
will substitute preferentially at these positions. This has
been recently reviewed for a large number of molecules by
Burdett4. From this perspective, Cl3F formula (Ia) would
perhaps be at an energetic disadvantage compared with FC1l,Cl
(formula Ib).

Following the reasoning above, a molecule ClyF; (formula
IIa) in which the fluorines are axial would be more favorable
than the Cl3F species previously discussed. Precise calcula-
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tions> on a "T" shaped Cl,F, molecule indicates that this
geometry is favored over one in which the fluorine occupies
the equatorial position (IIb). CljyF, (IIa) was also found to
be 16 kcal mol'¥ more stable towards dissociation into 2C1F
than Cl3F (Ia) is towards and Cl; + CIlF.

The reaction of ONCl with ClF,%*AsF¢™ can involve attack
of C1™ on the bent ClF2+ center to produce F,ClCl (IIa). The
advantage of this reaction scheme is that the}chlorine can be
pléced directly on an equatorial site. An additional feature
is that axial fluorines localize more positive charge on the
central atom than there is in Cliy* (in Cl3%IrFg~(g)), thereby
enhancing the probability of the desired reaction at the
central chlorine.

For the proposed reaction,

ONCl(molecule) + ClF2*AsFg™(s) »> NOYASFg™(g) + CloFp(g)
the number of moles of gas in reactants and products is the
same; therefore, TAS°= 0 and AG°= AH®°. Since the lattice
energy of C1F2+AsF6‘(s) is only slightly less exothermic than
that of NO*AsFg™(g), because the size of ClF,* is slightly
greater than that of NO*, then AH°(ONCl(4) » NO¥(4) + Cl7(g))
must be more than offset by AH°(C1F2+(g) + Cl7(q) > CloF3(g))-
This chloride ion affinity should be quite large, since the
affinity of C1F2+(g) for small F~ is more than 220 kcal mol~1
exothermic (see in Chapter 2).

Recently, Marsden® has performed ab initio calculations

to predict the structures of Cl;F;, Cl3F and Cl,. All deri-
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vatives were found to be thermodynamically unstable with
respect to dissociation into mixtures of ClF and F,. These
predicted geometries, however, were based on substitutional
variations of the "T"-shaped ClF3 molecule; the angles and
bond lengths of these "T"-shaped structures were adjusted to
obtain maximum stability. In addition, the theoretical
findings do not preclude kinetic stability. Preliminary work®
in calculating transition state energetics has shown that even
for a "T"-shaped ground state geometry, the transition state
geometry can impart kinetic stability to the thermodynamically
unstable adducts. A kinetic pathway is possible that will
permit the formation of an unstable adduct, and which can then
trap it in an energy well that can support at least one vibra-

tional level.

3.2 Experimental

3.21 ClF)AsFg was prepared by the reaction of equimolar quan-
tities of ClF3 (Mattheson Products) and AsFg (Ozark Mahoning),
the former being stored over NaF to remove HF. The high
purity of both gaseé was assured by infrared spectroscopy
prior to their use. No purification of AsFg was required.

The salt was formed at the bottom of a 1/4" sapphire tube
(Saphikon, Inc.) fitted with a Whitey (KS4) low pressure
valve. A Raman spectrum could be obtained through the
sapphire tube which was passivated with ClF; prior to use. No

deterioration or surface coatings on the sapphire tubes were
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visible as a consequence of any reactions; these reactors

proved to be inert to all fluoride compquhds for long time
periods. 1In orderlto obtain enough condensate for the low
temperature Raman spectra, a 140 ml stainless steel can was

attached to sapphire tube as a reservoir.

3.22 ONCl was freshly prepared for each experiment by the
mixing of equimolar amounts of nitric oxide and chlorine at
room temperature. Cl, (Mattheson Gas, Research Grade (99.965
mole %)) was stored.over P,0g to remove any moisture. NO
(Mattheson products) was purified by trap to trap distillation
from -150°C to -190°C to remove any N,O4 impurities. The ONC1
prepared in this manner was shown by infrared spectroscopy to
be free of undesirable contaminants, prior to each reaction

with ClF,*AsFg™(g).

3.23 Cl,F*AsFg™(g) was prepared by the reaction of 2ClF with
AsFg, as reported by Christie’. The product was characterized

by infrared spectroscopy and X-ray powder photographs.

3.24 Raman spectra were obtained with a Jobin ¥Yvon HG2S
spectrophotometer. It was found that Krt irradiation (Spectra
Physics 100 mW i.o.p., signal averaged 5-10 times, 1.0 cm~1
sec™l, 647.2 nm exciting line) yielded the best spectroscopic
results. Typically, signals were accumulated over ten sweeps

to yield optimal signal to noise ratios.
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The low temperature cell utilized is shown in Figure 3.1.
The construction included a copper sample block holder which
was 1in contact with the sapphire tube. Because of the
excellent thermal conductivity of sapphire, the temperature
gradient along most of the sapphire tube was minimal. A ther-
mocouple was placed at the very base of the tube for tempera-
ture measurements.

The copper block was cooled by a stream of nitrogen gas
which had been passed through a several windings of copper
coil immersed in ligquid nitrogen. By appropriate adjustment
of the nitrogen flow rate, the temperature could be precisely
varied. The entire apparatus was wrapped in several layers of
insulating material. The lowest temperature obtained by this
method was -130°C.

To prevent ice formation on the sample tube, which would
block entry of the laser light for Raman measurements, the
inner compartment was evacuated with a small mechanical pump.
Warm air was blown across the outside of the enclosure to keep
this area ice-free as well, since the amount of ice which
would form otherwise is quite considerable at these tempera-
tures.

The windows through which the laser exciting line entered
and exited, at right angles, were made of sapphire, which is

relatively transparent in the frequency regions of interest.
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3.3 Results

3.31 Reaction of ONC1l + ClF-tAsF¢

In order to achieve complete reaction with C1F2+AsF6'(s) while
at the same time providing for the trapping of a volatile
intermediate which is thermally unstable, the nitrosyl
chloride was melted ontovthe salt by repeated temperature
cycling of the sapphire tube from -110°C to =-50°C. With each
such thermal cycle, the progress of the reaction could be
observed in the low temperature Raman spectra. The reaction
is slow at thesevtemperatures. At least three vibrational
peaks, and, for intense spectra, as many as six modes were
attributed to the eliminated Cl,F,; from the reaction. The
vibrational bands were observed to increase in intensity with
cycling. At room temperature, these bands disappear.

Infrared spectra of the volatiles produced show an intense C1lF
vibration band. Since ClF is relatively weak in the infrared,
an intense spectrum denotes high ClF concentrations. - ClF 1is
therefore a decomposition product of Cl;F,. Low temperature
Raman spectra of ClF, ONCl, ONF, NO and Cl,;, mixtures of ONCI1
+ Clp, Clo,*AsFg~, ClF3, AsFg and AsF3 were taken under iden-
tical conditions in the low temperature cell. From this, the
productioﬁ of each of these potential side products can be
ruled out. After several trials, it was found that best
results could be obtained by allowing the reaction to proceed
in the low temperature spectroscopic cell over a period of

several hours with repeated temperature cycles. Debye
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Scherrer X-ray photographs of the solid produced indicated the

product was NOtAsFg(g).

3.32 Reaction of ONF + Cl-FAsFg

With time, C12F+AsF6' will disproportionate to C1F2+AsF6' and
Cl3+AsF6'. It was evident that in our product some dispropor-
tionation had occurred. Upon reaction with ONF, there was no
evidence of vibrational bands indicative of Cl,;F, formation at
-110 °C. Extensive temperature ¢ycling was not necessary
because ONF is a liquid at -100°C. Figure 3.7 shows the Raman

spectrum of this reaction.

3.33 Mass Spectroscopy

Several attempts were made to detect the unstable ClyFj.
Detection of the related molecule ClF3 was used as a test.
Even this task presented some problems. With sufficient
passivation of the source (this was accomplished by passing
small amounts of ClF3 through the source for several hours),
ClF3 fragments were visible. ClyF; proved to be too unstable
for these experiments, even when the reactor was prevented
from warming up during the source passivation, prior to the
addition of its contents to the mass spectrometry chamber.(
Another difficulty in these experiments is the tempera-
ture of the species at the source and detector. This was
probably much greater than the dissociation temperature of

Cl,yFy (approximately -30°C).
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3.34 High Pressure Reaction of CI1F

A small narrow bore monel tube, of inner volume 0.6 ml, fitted
with a high pressure Autoclave valve was used. Cvawas con-
densed into the tubé$at--196°c while agitating the reactor so
that the liquid/solid filled the opening of the bore. The
pressure inside the reactor was about 11,500 psi at 25°C.
After reaction for 12 hoUré,'the volatiies were quickly con-
densed into a 1 liter Monel bulb at -196°C. The container was
then held at =-78°C and briefly placed under vécuum to remove
ClF. Since ClF3 is solid at this temperature, moSt.likely
C12F2 would be as well. Afterwards, the bulb was immersed in
a liquid nitrogen bath and connected to an infrared cell which
‘was then positiqned'in the infrared_spectrophotometer.
Infrafed spectra of the'Qolatiles were continuously taken as
the bulb warmed to room temperature. Neither Cl,F,; nor ClF was

detected.

3.4 Discussion

From the interaction of FoCl*MFg~™ + ONCl » NO*MFg~ +
F,Cl,, the'Raman spectra of which are illustrated in Figures
3.2 and 3.4, it appears that the Cl,F; product is not a
molecule of the type represented by (IIa). This is apparent
~ from the comparison of the bands, a, b, ¢, at 794(1), 752(1)
and 673(1) cm'l, with the spectrum of ClF3 shown in Figure

3.6. The symmetric stretching vibration characteristic of the
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axial species F-Cl-F (in ClF3) is observed strongly at
approximately 517 cm~l. There is no such band for the ClyFy
product. One can conclude, therefore, that the sought after
configuration (IIa) has not been made. On the other hand the
symmetric stretching associated with the equatorial Cl-F of
ClF3 and that of Cl-F monomer itself both occur at 759 cm~L.
This clearly represents the stronger bonding associated with
the electron-pair bond. The product "Cl,F," does exhibit a
broad strong absorption (b) in this same region. Yet there
are other bands (a) and (¢c) which do not occur in Cl-F
condensed at the temperatures used in these studies. Since
(a), (b) and (c) increase in intensity together as the
reaction proceeds.they appear to belong to one species. It
may be that the "Cl,F;" molecule is initially of form (IIa)
but readily undergoes an intramolecular rearrangement which in
essence produces two ClF molecules trapped in the space
originally inhabited by (IIa). This "trapped dimer" may have

the form represented in (III):

F F c1
I
Cl—Ccl -+ ky )
| c1 k
F kq
(IIa) (1II)
m
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The vibrations of (III) involve coupling of the Cl-F
stretching both in phase and out of phase. This could be the
origin of the bands a and ¢ at 794(1) and 673(1) cm~1. This

is shown in IV and V:

«F — C}» «F Cl»
I i
] ] i
1 | | }
Clo>———<F «Cl F>
Iv v

In any case a molecule of form (IIa) is not made in experi-
ments such as these. «

Our inability to prepare the adduct using alternative
reactions shows the importance df kinetic considerations in
choosing an appropriate synthetic route. For example, it is
not possible to synthesize Cl;F; from the high pressure
reaction of ClF, since it is a reversal of the kinetic pathway
to thermal decomposition; this would be driving the reaction
energetically uphill. The absence of reaction of ONF with
C12F+AsF6‘ salts can be attributed the decreased positive
charge at the central chlorine, because the fluorine atom in
C1F2+ is replaced by a less electronegative chlorine atom. 1In
this case, there are élternative sites introduced for attack
by the Cl~ which would not produce Cl,F,. |

ClyFy will decompose, as indicated in the Raman spectra,
at temperatures higher than -30°C. Assuming that the dimer 1is
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not kinetically trapped in the ClF+AsF6' salt, this means
AG®943 (ClpFy » 2C1lF)< 0. If we make the rough approximation
that the entropy of Cl,F, is close to that of ClF3 (67.3 cal
mol-1 deg'l), then at -30°C, TAS®°= 9 kcal mol-1l. Thus, =~(AH®°)
for the dissociation is greater than 9 kcal mol~l. Marsden
has calculated the enthalpy of the transformation of (IIa) to
2C1F to be 17 kcal mol-l using the SCF Hartree-Fock method for
the geometry and second-order perturbation theory to include
electron correlation. In these calculations, the geometry of
ClyF; is "T"-shaped, with the chlorine ligand filling the
equatorial site. However, as mentioned previously, a low
energy vibrational mode should be able to convert it to a
distorted square geometry. The energy of the sgquare con-
figuration would then be close to that of the "T" geometry, in
which case the'éxperimental observations are in reasonable

agreement with theoretical predictions.
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Fiqure 3.2 Raman Spectrum of the reaction:
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Figure 3.4 Raman Spectra showing the reaction progress
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Figure 3.7 Raman Spectrum of the reaction:
ONF (4) + ClpF*AsFg™(g) » NOTAsFg™(g) + 2ClF(4) at -100°C
(the dismutation:
2C12F+ASF6-(S) > ClF3+ASF6-( ) + Cl3+AsF6—(s))
is apparent.§
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Chapter 4
Thermodynamic Threshold to Graphite Intercalation

4.1 Introduction

Graphite Intercalation Chemistry

Although graphité intercalation compounds have been
known and studied since 18411, there is still considerable
controversy associated with very fundamental concepts.

The carbon atoms_in graphite are arranged in sheets.. The
p orbitals perpendicular to the carbon-atom plane, usually
designated p,, generate the m orbitals which‘are‘the highest
occupied molecular orbitals of the system. Those m-symmetry
orbitals which constitute the lower energy band, ﬁsually
called the Valence Band (filled in graphite at 0 K) have very
small energy overlap with the higher energy band (the Con-
duction Band). Intercalating oxidants withdraw electrons,
thus generating holes in the Valence Band. Reducing species
on the other hand populate the Conduction Band, providing
electron carriers. Both processes (oxidation and reduction)
increase the carrier concentration and hence the conductivity.

The degree of reduction or oxidation of the carbon
system is directly related.to the number of carriers; the
higher the degree of oxidation or reduction, the higher the
number of carriers. The most extensive oxidations of graphite
have probably been achieved by fluoroanions, of which the most
studied are those salts containing AsFg~. There has, however,

been much controversy surrounding the precise extent of carbon
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oxidation in such systems. For example, it has been claimed
that the charge transfer, from measurements of physical
properties, is much smaller than suggested by stoichiometries
determined by gravimetry and other chemical methods. Mil-
liken? and Fischer3 claim that stages 1 and 2 of Cg,AsFg salts
are 40 and 52% oxidized, respectively, compared with the
formulation based upon complete conversion according to the
equation: 3AsFg + 2e” > 2AsFg~ + AsFj3 (1). Bartlett and his
coworkers4:2:6 had shown that the intercalation of graphite by
AsFg has been associated with the formation of AsFg~ and AsFj
in accordance with equation (1l). The assessment of the ion-
icities, lower than those which complete conversion according
to equation (1) would have produced, were based on studies of
reflectivity (screened plasma frequencies) and C(ls) core
level X-ray photoemission spectra. From ESR studies of the
reaction of CgK salts with water, Ebert’ asserts that the
composition of the potassium graphites is C80'6K0.6+K0.40.
carver® has suggested that only SO% of the cesium is ionized
in the cesium intercalation compodnd of chemical composition
CgCs.

For a variety of reasons there has been a widespread
reluctance to accept straightforward ionic formulations such
as Cg*MFg~ (eg., M= As, Ir, Os) and Li*cg~. For the oxidation
case, values as low és C20+ have been proposed3 as the
oxidation limit even though stoichiometries indicative of

higher oxidation, e.g. Cj4AsFg have been established.
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Some of the confusion is probably-a consequence of incon-
sistent preparative techniques and characterization. In the
present work, graphite fluoroborate and hexafluorophosphate
salts have been investigated. 1In Chapter 5, the synthesis and
characterization of these compounds are described. Emphasis'
has been placed on assessing the fraction of the guest species
present as neutrals as well as the fraction present in anionic
form. (Long term removal of neutrals under vacuum has been an
important component of that evaluation). A discussion of the
effect of the neutrals on the thermochemistry of the materials
will be developed in Chapter 6. In this chapter consideration
will be given to the evidence for a thermodynamic barrier to
oxidation intercalation by fluoro-gueet species.

Previous studies in these laboratories? had suggested an
energetic barrier to graphite intercalation by metal hexa-
fluorides. This originated from the observation that although
the third transition series metal hexafluorides are similar in
many of their physical properties, only OsFg, IrFg and PtFg
will intercalate graphite to from C8+MF6‘ intercalation salts.

A simple Born-Haber cycle, shown below, illustrates some
important factors which contribute to the total enthalpy
change for the graphite -intercalation by the oxidant MFg,
where M is a transition metal, or by the interaction of a

fluorospecies, A(g)s with §F2(g) to form AF”:
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Cy + MFG(g) > C4MFg
or

(Cx + A(g) + 1/2F(g) > C4AF)

—_————
AH(oxidation)
- e —§te—§ e
4 +
~ MFg™(g)  (or aF{gy)
AH(expansion) AH(lattice)
AH + e”
_ MFg~ (or AF-)
graphite{ — —— + MFG(g) _— — e § e
(1/2F3(9) + A(g))
AH(intercalation)

w

The process of intercalation includes expansion of the
carbon layers to permit entry of the intercalant and the
withdrawal of electrons from the carbon m band. These two
energy requirements are shown as AH(expansion) and AH(oxi-
dation). The electron affinity, AH(MFG(g) + e~ > MF6‘(g))
partly offsets these energy costs. (AHf°(F°(g)) and the
fluoride ion acceptor enthalpy of the neutral fluordspecies
(A), AH°(A(g) + F'(g) > AF‘(g)), are analogous.)' AH(lattice)
is also an exothermic contribution to AH(intercalation). For
the intercalation process to be spontaneous (AG°< 0) it is

essential that AH(intercalation) be exothermic since there is
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a reduction in entropy associated with the ihtercalation'
process. |

AH(expansion) and AH(oxidation) are almost independent of
the identityvof the hexafluorinntercaiants, since the
effective thickness of'the anions and the degree of graphite
oxidation are similar for most MFg~ graphite salts of a given
stage. The dimensions of all members in the third transition
series MFg~ are almost the same.- Hence,:AH(lattice) is also
not veiy depeﬁdeht on the identity of M in MFg. According to
this model, the electron.oxidizing strength of MF6(g) is the
only enthalpy change which will vary with different fluoro-
species.b '

As discussed in Chapter 2, BartlettlO had evaluated the
electron oxidizing strengths of the third transition series
metal hexafluorides from their reactivity with Noig) and
ONF(g); Revised values, presented ianable 4.5, include the
findings of recent experimental observations described in
Chapter 2. Sihce the electron affinity, AH°(MF6(g) + e~ 9,
MFG‘(g), (M= W,‘Re, Os, Ir, Pt), increases.smoothly by about
26 kcal mol~l with each increase in atomic numberlO, the re-
activity with graphite appears to be related to the oxidizing
ability of MFg. Thus, it was.proposed that WFg and ReFg do
not intercalate graphite because their electron .affinities
fail short of an energetic requirement for intercalation. If

this is indeed a thermodynamic requirement, its major com-
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ponents are the energy cost of carbon sheet separation,
AH(expansion), and of graphite oxidation, AH(oxidation).

The hexafluorocarsenate (V) salts of graphite have been
studied by Bartlett and Okinoll, The nature of the products
of the interaction of graphite with AsFg had been especially
controversial. Okino's studies included those products, as
well as those prepared from AsFg and fluorine (AsFg + 3Fp + e~

> AsFg~) and from interaction of graphite with 02+AsF6' salts
(0,7AsFg™ + XC » CyAsFg + Op). He demonstrated that the
vacuum stable products formed from interaction of AsFg with
graphite had the composition Cy4AsFg, the minimum value of x
after multiple treatment with AsFg (oxidation according to
equation (1)) being ~16. That material, he showed, was a
largely first stage salt in admixture with some second stage
material. He also showed that the more powerful oxidizers,
such as AsFg with fluorine, or 02+AsF6‘, gave first stage
salts easily. This indicated that the oxidizing power of the
AsFg:
3/2 AsFg + e~ > AsFg~ + 1/2 AsF3 (1)

was inadequate for total first stage oxidation.

It was known previously that graphite was not interca-
lated by PFg alone but that in the presence of fluorine
spontaneous intercalation occurred. Rosenthal and Malloukl?
had evaluated AH(PFg5(g) + 1/2 Fa(g) » PFg (g))= -163 kcal
mol~l. Ssince PFg~ is similar in size to the transition metal

MFg~ mentioned earlier this observation fits the electron
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affinit? barrier proposed for the metal hexafluoride salts.
The non-intercalation of PFg also fits this model since the
evaluation of AH(3/2 PFg(gq) + € » PFg™(g) *+ PF3(g))= -86 kcal
mol‘l, falls far short of the barrier requirement. This
suggested that PFj should reduce PFg~ salts: PFg~ + 1/2 PF3 -
3/2 PFg + e~ (2) and Rosenthal was able to demonstrate that at
least for second and higher stage C4PFg such reductions did
indeed occur.

Difficulties, however, had existed with the salts studied
by Rosenthal because of the fluorination of the carbon host
resulting from high fluorine concentrations used in the
reaction mixture to produce CyPFg. In addition, SP1 graphite
was traditionally pre-treated with fluorine. (This will be
considered in greater detail in Chapter 5, where studies of
fluorine concentration in reaction mixtures containing PFg are
- discussed, as well as the preparation and characterization of
the fluoroborate salts.) In Rosenthal's experiments, it was
found that reduction by PF3 was never complete; a residue was
always present which was ascribed to pockets of carbon
fluoride bonding, which may trap PFg~ anions and PFg in the
galleries. This work-addresses the issues of the existence of
a kinetic barrier which prevents full reduction to graphite,
and whether a graphite salt which has not been fluorinated

will exhibit different behavior. The oxidizing ability of
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AsFg and PFg, and the observation of the proposed thermo-
dynamic threshold to intercalation, will also be summarized in

light of reaction (1) and the related PFg~ forming reactions.
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4.2 Experimental

4.21 Preparation of Graphite Fluorophosphate and Fluoroborate

salts:
The intercalation compounds C,o,gPFg and Cy4BF, were prepared
according to the proéedure described in detail in Chapter 5.
Final stoichiometries were determined by extrapolation of
weight loss curves which monitor the escape of neutrals with
time. 1In all preparations, excess neutral was used to

minimize graphite fluorination.

4.22 Reaction of Graphite Fluorophosphates and Fluoroborates

with PF3:

Excess PF3 (PF3:CyMF,::>8:1) was condensed at -196°C on
to fluorophosphate and fluoroborate salts in previously
described stainless steel reactors. Reaction times were 4-8
days with continuous mechanical agitation. The volatiles lost
under vacuum were trapped at -196°C and monitored by infrared
spectroscopy and tensimetry. Final stoichiometries were de-
termined by gravimetry for the fluorophosphate system, and by
a combination of gravimetry and tensimetry for the fluorobo-
rates.

To the vacuum stable products of these initial reductions
were added mixtures of PFg and PF3 in ratios which are listed
in Table 4.2 (b). Prior to each reaction, the vacuum line was
well passivated with PFg followed by PF3. PFg and PF3 were

separately condensed into the reactors at -196°C. Each was in
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large molar excess over the intercalation salt (greater than 6
fold excess). The total pressure inside the reactors was
about 12 atmospheres. A similar procedure was used in the
reaction of the reduction product with BF3. In these reac-

tions, a large excess of BF3 (>10:1::BF3:C4PFg) was used.
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4.3 Results and Discussion

Results are summarized in Tables 4.1 and 4.2. Tables 4.4
and 4.5 give the oxidizing strengths of the reactants consid-
‘ered in the discussion.

As noted in the Introduction, Okino had observed that
AsFg oxidizes graphite only to a limiting compoéition
C15.9AsFg (Table 4.1) after six successive treatments of
graphite with AsFg. This compound was a mixture of first ané
second stages. The fact that OyAsFg will oxidize graphite to
a pure first stage sélt, of composition Cj4AsFg, shows that a
pure first stage is attainable. Since the intercalation
involves the withdrawal of electrons from graphite by 02+
(followed by the release of 0j(4) and the insertion of AsFg™)
it seemed that the powerful oxidizing strength of 02+ per-
mitted pure first stage preparation (AG°(OyAsFg(g) + e~ =
O2(g) * Ast'(g))= =155 kcal mol‘l, (k) in Table 4.4). The
oxidizing strength of AsFg is weaker. Since AsFg intercalates
graphite according to 3AsFg + 2 e~ » 2AsFg  + AsFj3, the free
energy change, AG°= -122 kcal mol~l [c in Table 4.4]; shows
that it is 33 kcal mol-l poorer than the oxidizing strength of
02+AsF6‘(s). Thus, it appeared that there was a thermodynamic
barrier to first stage intercalation by AsFg.

As shown in Table 4.1, Okino was able to reduce first

stage Cj4AsFg by treatment with AsF3 only to a mixture of
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first and second stages, C;7 gAsFg. This reaction is the
reverse of oxidation of graphite by AsFg:

2 AsFg~ + AsF3 > 3 AsFg + 2 e~
The fact that the stoichiometry and staging are very similar
for the intercalation of graphite by AsFg and the reduction of
C14AsFg by AsF3 demonstrates thermodynamic reversibility.
This shows that a thermodynamic barrier to intercalation
exists for the formation of first stage Cj4AsFg which is
slightly more than AG°(3/2 AsFg + e~ » AsFg~ + 1/2 AsF3)= 122
kcal mol~l. The barrier to second stage intercalation is
below this valuel3. This is in agreement with the energetic
barrier of the third transition series hexafluorides described
in the Introduction and in Table 4.5.

In a parallel study, Rosenthal had not observed the
reaction of SP1l graphite with PFg under conditions similar to
those of the AsFg study, even though PFg and ASFS are similar
in their physical properties. By analogy to the AsFg thermo-
dynamic barrier, this suggested that the oxidizing strength of
PF5 AG°(3/2 PFg5 + e~ » PFg~ + 1/2 PF3)= 86 kcal mol™l [c in
Table 4.4] is far below for intercalation even to a high
stage. However, only partial thermodynamic reversibility was
established by the reduction of C,gPFg with PF3; although X-
ray powder diffraction of the product showed it was graphite-
like, gravimetry indicated reduction back to graphite had not
occurred. CjygPFg used in his study can be prepared by treat-

ment of SPl graphite with mixtures of PFg and F;, since, using
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the reasoning above, the additional oxidizing strength of
fluorine makes the half-reaction free energy change,'AG°(PF5 +
1/2 Fp + e” » PF6')é -157 kcal'm.al'l [h in Table 4.4] greater
than the threshold of first or second stage intercalation to
form C4PFg. | |
Rosenthal was also»unable to reduce fifst stage grapﬁite

hexafluorophosphate;vClZPFG with PF3. This ié a éonsequence
of the limited access PF3 has to a crowded first stage. Such
a barrier evidently does not exist for AsF3. The ability of
AsF3'to feduce firstistage'cl4AsF6 probablyiarises.because it
forms a bridge bonded F3As-F-AsFg~ species. PF3 has no known
F~ acceptor properties. | |

| As will be diécussed in Chapter 5, difficulties in Rosen-
thal's study included the fluorination of the carbon host
because of the preparative procedures. It was not certain
whether the incomplete reduction of stPFe was a consequence
of a kinetic barrier or due to the presence of islands of
fluorine bound to carbon. In this study, the fluorination of
carbon has been avoided in order to establish whether a true
physical barrier existed which prevented complete reduction.

As is indicated in Table 4.1 and 4.2, PF3 will not reduce

. CogPFg completely to graphite. Gravimetry demonstrates that

the product is at most C4,PFg, a stoichiometry which cor-
responds to a third stage salt although the diffraction data

show that an ordered product is not formed.

59



Graphite fluoroborate is reduced by PF3. By analogy with
the reaction of graphite with AsFg considered in the introduc-
tion, the half reaction should be:

BF4~ + 1/2 PF3 » BF3 + 1/2 PFg + e~ AG®= 75 kcal mol~l

X-ray diffraction of the CyPFg and CyBFn reduction products
reveals a poorly crystalline graphite. This suggests that in
the reduction the arrangement of the anions is random through-
out most of the material. These results are in agreement with
Rosenthal's finding that C,9PFg can only be incompletely
reduced to a material which X-ray diffraction shows is graph-
ite-like.

In addition, the conductivity of the fluoroborate and
fluorophosphate salts is a sensitive indicator of direct
fluorination of carbon, as discussed in Chapter 5. Since the
conductivity of these salts is high (o =1000 Q'lcm'l), the
possibility of secondary reactions, such as the removal of
fluorine bound to carbon, is minimized. It can also be
concluded that the incomplete réduction is not a consequence
of unreacted fluorine bound to cérbon in the salt.

The removal of neutrals from the salt after reduction is
markedly faster than in cases such as the BF4(BF3) salt
(Chapter 5) and the Cy4AsFg materials. This indicates that PFg
and PFj; evacuated following reduction were not diffusing
slowly through residual ionic gquests, but rather represented

the total evacuation of fully reduced species. 1In addition,
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further interaction with PF3 did not occur at room temper-
ature.

With the possibility that the addition of excess PFg
could promote access of PF3 into pseudo first-stage regions
through the formation of P),Fq1~, that reagent was mixed with
PF3. This was no more effective than PF3 alone, however.
Further reaction 6f the reduction product with PF5 and PFj
results in a material which will again rapidly attain vacuum
stability (< 50 hours). 1In contrast, preparation of Cy4PFg by
the reaction of F; and excess PFg with graphite results in a
material in which loss of PFg is slow (>500 hours).

Further evidence for a kinetic barrier which prevents
anion movement into the salt is found in the reaction of the
reduction product (C,9PFg + PF3) with BF3. The volatiles
produced contain some PFg, but the intensity of the PFg
infrared bands shows the reaction has not gone to completion.
In contrast, the reaction of second stage C,9PFg with BFj,
which is discussed in detail in Chapter 5 and 6, is favored
thermodynamically and is complete. Hence, the reaction with
BF3 shows there is a barrier to neutral penetration. This
barrier is somewhat less for BF3 than for PF3, because the
former molecule is flat and thin (Djp symmetry), whereas the
latter is pyramidal and therefore more bulky. The flat shape
of BF3 means that less energy is required for its entry into

the galleries.
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If PF3 is thermodynamically unable to reduce C,gPFg com-
pletely, then PFg might be expected to intercalate graphite to
some disordered high stage salt. Intercalation of graphite by
PFg alone, however, is never observed experimentally, neither
for SPl graphites (particle size 100-200 u) nor for a Ball
Milled Pyrolitic Graphite (particle size 10 u). Clearly this
failure of PFg to intercalate, or of PF3 to reduce CyPFg
completely, means that there is a phfsical barrier to PFg or

to PF3 entry.

Conclusion:

The rapid removal of volatiles after reduction of Cy4PFg
with PF3 clearly shows the neutrals are not slowly percolating
through charged species. The remaining guests must be in
closed pocketé - even PFg (to make PyF1;1”) did not provide
access for PF3. This is supported by the absence of any
evidence of staging in the reduced product. These observa-
tions, together with the fact that PFg fails to intercalate
graphite, show that if the physical barriers were removed the

PF3 would probably cqmpletely reduce CyPFg to graphite.
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Table 4.1 Synthesis and Reactions of CX+EF6' Salts

Reactants Initial reaction(25°C) IC(2nd/lst)f Vacuum Stable
stoichiometry Stage (R) Stoichiometry
conditions

C + ASFS C:ASF5z4.6:1 2nd/1lst 10.90/7.64 C20.28ASF6.01¢a
reaction: 24 hours (mainly

evacuation: 214 hours second)

C + AsFg C:AsFg=7.8:1, 6 cycles lst/2nd 10.90/7.84 Cjs5. g4AsF5 gg*@
Net: C:AsFg=1.3:1 (mainly
Net reaction:240 hrs. first)
Net evac.: 207 hours

C+0,AsFg C:0,AsFgz11.6:1 1st 7.57  Cy4.01A8Fg 0172
reaction:384 hours
evacuation:72 hours

C4AsFg  AsF3:Cq4AsPge1.5:1 1st/2nd  10.92/7.65 C;7 gAsFg¥d
+ AsF3 reaction:96 hours (mainly

evacuation:192 hours first)
C33PFg  PF3:CqqPFgx1:5 graphite Cg5.gPFg*P
+ PF4 reaction:24 hours like

evacuation:24 hours

CogPFg PF3:CogPFg=9:1;3 cycles high stage C42PFgq
+ PF3 Net reaction:648 hours disordered
Net evacuation:216 hrs.

C30BF4(BF3)g 35 PF3:C322:1 high stage C41BF4(BF3)q. 35
PF3 reaction:144 hours disordered
evacuation:48 hours (see Table 4.3)

%+ Stoichiometries obtained from chemical analysis performed at Gal-
braith Laboratories, Inc.

2 F.Okino, Ph.D. Thesis U.C. Berkeley, 1984.
b G.Rosenthal, Ph.D. Thesis U.C. Berkeley, 1984.

T Ic represents the c axis repeating unit length, which for a first stage
salt represents the perpendicular distance separating the carbon sheets
enclosing one layer of guest species. Ic for a second stage is usually
close to the sum of Ic for first stage, plus the sheet to sheet separa-
tion, which is 3.35 A.
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Table 4.2 (a) Reduction of CyPFg and CyBF, by PFj
Stoichiometry X-ray
Stage |Initial Salt Reduction Product pattern Comments
2 Cog.6PF¢ C37.1PFg graphite-like 1
pattern with
2 C28.0PF6 C41.6PF6 002 reflections 1
broad; see
2 Cs7.1PFg Ca7.2PF¢g Table 4.3 1
(C29,9PF6(PF5)0, 12)
4 C30.1BF4(BF3)g,35  C41,0BF4(BF3)0, 35 2
(b) Further Reactions of the Reduction Products of (a)
Stage Reaction
high C37.1PFg + PF5:PF3 (1.6:1) Reaction product showed
no change in weight
high C41.6PFg + PF5:PF3 (0.75:1) or X-ray powder pattern
from (a) product
high C37.2PFg + PFg:BF; (0.74:1)

a Further reduction with PF3 was not observed.

Volatiles from further reaction with excess BF4 contain PFg.

Loss of PFg following reduction and displacement with BF3 is rapid.

b Product stoichiometry assumes that BF,  and BF3 were lost in the same

ratio as that present in the starting material, i.e. 1:0.35.
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Table 4.3
X-Ray Diffraction of Product X-Ray Pattern of SP1
from the Reduction of Graphite
C30.1BF4(BF3)0, 35
No. Intensity 1/d? (obs.) Intensity 1/d%2 Assignment
1 strong .07802 vs .0891 002
broad .08443
.08633
2 weak broad .0990
.1065
3 med sharp .22085 m .2210 100
4  med broad .23911 m .2433 101
.2439
w .3101 102
5 mw. . .3610 mw .3564 004
6 vw .4180 mw L4215 103
w .5774 104
7 med sharp .6602 m .6631 110
8 med 7482 m 7522 112
broad '
W .7779 105
9 w .7996 w .8019 006
w .8840 200
10 vw .9067 W .9063 201
w - .9731 202
11 vvw ' 1.0168
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Table 4.3(b) X-ray Powder diffraction
Second Stage Graphite Fluorophosphate

Second Stage C29.9PF6(PF5)0.12 a= 2.46, ¢c=10.90 )

No. Intensity 1/d2 (obs.) 1/d2 (calc.) Assignment
1 weak .0084 .0084 001
2 strong .0729

broad .0750 (center) .0756 003
.0764

3 weak . .1353 (center) .1343 004
broad .1403

4 med sharp .2209 ¢ .2201 100

5 med sharp .2267 .2285 101

6 med broad .2514 .2537 102

7 med sharp .6601 .6602 110

8 weak broad .7357 .7358 113

9 vweak .8819 .8802 200
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B e B e e ————————————
Table 4.3 (c)

X-Ray Diffraction of Product X-Ray Pattern of SP1
from the Reduction of Graphite
C29.9PF6(PF5)g, 12
No. Intensity 1/42 (obs.) Intensity 1/d2 Assignment
1 strong .0767
' broad .0790
.0813
2 med broad .0882 vs ~.0891 002
3 tracev .1039
4 med sharp .2203 m o .2210 100
5 med broad L2400 - m .2433 101
.2433
: : w .3101 - 102
6 vweak broad - .3564 ; mw . .3564 004
7 vweak broad L4175 mw L4215 103
w .5774 104
8 med sharp .6593 m .6631 110
9 med . 7346 m .7522 112
broad
w .7779 105
W .8019 006
w . 8840 200
10 trace : .8988 W .9063 201
w L9731 202
11 vVw 1.0107
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Table 4.4 Energies of EFg~ Forming Reactions
Process (kcal mol~1l) ag® AG® Ref
(a) Ast(g) + F'(g) > AsFé‘(g) -111(5)
(b) 1/2 Ast(g) +e > F'(g) + 1/2 AsF3(g) S -11
(c¢) = (a)+(b) 3/2 AsFs(g) + e” > 1/2 AsF3(g) + AsF6'(g)-122 -118 3
(d) PFS(g) + F-(g) > PF6-(g) -101
(e) 1/2 PF5(g) *+ e -» F'(g) +1/2 PF3(g) 15
(f) = (d)+(e) 3/2 PFS(g) + e » PF6-(g) +1/2 PF3(g) -86 -85 5
(g) 1/2 FZ(g) + e » F-(g) -62
(h) = (d)+(g) PF5(g) + 1/2 Fy(g) + e > PFg7(g) -163  -157 7
(1) 02 (g) +e = 0(y) -278
(i) OAsFg(g) = 02+(8) + AsFé(g)’ 144
(k) = (i)+(3) 02A5F6(s) + e” > O2(g) + AsFé(g)' -134 -155 10
References

(1) IF6+ASF6'(S) has negligible vapor pressure (<5 torr) at 25°C and
50°C. Thus, AG°3p3(IF7(g) + AsFs(g) > IFgTAsFg™(5)) € -7.3 keal mol™l;
TaS°= -20 kcal mol™1*. Thus, aH°S -27 kcal mol™l; AH®° {5t tice™ ~124 kcal
mol~l and AH°(IF7(3) > IF6+(g) + F'(g))= 208(6) kcal mol~l,[Bartlett et
al., J.Fluorine Chem. 26, 97-116 (1984)], from which we obtain aH°(a) 2
111 kcal mol~1l. By similar reasoning, from dissociation pressure data of
SF3*AsFg (s)» AH°(a)= -108 kcal mol™l. We take 111(5) kcal mol™! as a

reasonable value for AH°(a).

¥ 8°(IFy(g))= 88 cal mol™! deg™! ),[N.B.S. Technical Notes 270-3
(1969)1;
S°(AsF5(8))= 78 cal mol~l deg'1 [0'Hare, P.A.G.; Hubbard, W.N. J. Phys.
Chem. 69, 4358 (1965)]; S°(IFg*AsFg™(5))= 94 cal mol™! deg™! [T.Mallouk,
Ph.D. Thesis, U.C. Berkeley 1982]. ’
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(2) A.A. Woolf, J.Fluorine Chem. 15, 533 (1980).
(3) S°(AsF4)= 69 cal mol™l deg™l; N.B.S. Technical Notes 270-3 (1968).
(4) G.Rosenthal, Ph.D. Thesis, U.C. Berkeley (1984).

(5) S°(PF5(g))= 72 cal mol~l deg'l; S°(PF3(g)= 65 cal mol~l deg'l; "JANAF
Tables'; Dow Chemical Co.: Midland, MI (1969).

(6) "JANAF Tables"; Dow Chemical Co.: Midland, M.I. (1977).

(7)VS°(e')= 5 cal mol~l deg'l["JANAF Tables"; Dow Chemical Co.: Midland,
MI 1977]; S°(PF6'(g))= 76 cal mol~l deg'l, estimated from similar trends
in BF3(g) and BF, (g) (64 and 61 cal mol™l deg™1).

(8) Levin, R.D.; Lias, Sharon G. "Ionization Potential and Appearance
Potential Measurements" 1971 to 1981, NSRDS-NBS 71, U.S. Dept. of
Commerce, October 1982, Superintendent of Documents, U.S. Govt. Printing

Office, Washington D.C. 20402.

(9) Lattice enthalpy obtained from a linear correlation between AH°j.:-
tice and the inverse cube root of the ionic volume [T.Mallouk, Ph.D.
Thesis, U.C. Berkeley (1982)].

.
(10) 5°(0pAsFg)= 57 cal mol™! deg™! [T.Mallouk, Ph.D. Thesisl; $°(0(g))=
49 cal mol~l deg~!, and S°(PF6'(8))= 76 cal mol™! deg~l

see reference 6).
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Table 4.5 Electron Oxidizing Capability of Metal Hexafluorides |

Process ¥AG° (kcal mol™l) Limiting?t ref
Composition

WFg(g) + e” > WFg (g) -81(3) No Reaction a
ReF6(g) + e - ReFé’(g) -107 No Reaction™ b
OsFé(g) + e > OsF6'(g) -134 CgOsFg c
IrFg(g) + e > IrFg (g) -157(4) CglrFg d
PtFé(g) + e - PtFé'(g) -184 Cy,PtFg e
-

¥ Because these half reactions involve the same number of moles of gas
in reactants and products, 45°79g=0 and AG°298 = AH®5gg-

+ Bartlett, N.; McCarron, E.M.; McQuillan, B.W. and Thompson, T.G.
Synthetic Metals 1, 221 (1980).

(a) See Chapter 2.

(b) *Graphite reacts only slightly with ReFé(g)-to give a product whose
X-ray diffraction pattern does not indicate extensive intercalation.
Like PF5, ReFg possesses an electron affinity below the energetic
requirement for low stage intercalation.

NO(g) and ReF6(g) [Beaton, Ph.D. thesis, U.C. Berkeley (1963)]
combine to give NO+ReF6'(S), whichﬁkas a vapor pressure of <<2 torr at
298 K. This implies AG°(NO(,) + ReFg(g) > NO™ReFg™(5))< -8 keal mol™l.
Because TAS°x -23 kcal mol™! (ref. a), and since AH°(NO(g) > NO+(g) +e”
)= 213(1) keal mol™! and 8H®1,¢¢;ce(NOReFg™())= -133 keal mol™! [ref.
9], Table 4.4) we obtain -AH°(ReF6(g) +e” > ReFé'(g)) 2 111 kcal mol”
1. From linear extrapolation assuming a smooth increase with atomic
number a value of 107 kcal mol~! is obtained, which is in the compass of

our estimate.

(e) Unlike IrF6(g), OSF6(g) reacts only slowly with ONF(g) at room temp-
erature according to: ONF(g) + OsF6(g) > NO+OsF6'(S) +1/2 FZ(g) [Beaton,
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Ph.D. thesis, U.C. Berkeley (1963)]. 4G°x 0; S°(ONF(g))= 59 cal mol~!l
deg'l, S°(OsF6(g)= 82 cal mol'ldeg'l, S°(F2(g))= 48 cal mol'ldeg’l, and
S°(NO+OsF6'(S))= 56 cal mol'ldeg'1 [ref. 9, Table 6.3]. TAS°~ 18 kcal
mol'l; thus, AH°= -18 kcal mol™l for the reaction indicated. Since
AH°(ONF(g) > NO+(g) + F'(g))= 188(1) [H.S. Johnston and H.J. Bertin, Jr
Am. Chem. Soc. 81, 6402 (1959) and J. Mol. Spec. 3, 683 (1959)], and
because AH°(F'(g) > 1/2 FZ(g) + e )= -62 kcal mol~l, AH°(ONF(g) > NO+(g)
+ 1/2 Fp(g))= 250 keal mol™l. Using AH®1,ppjce= -134 keal mol™l [ref. 9,
Table 6.3] then 8H*(OsFg(g) + e” » OsFg™(g))= -134 keal mol~l.

(d) N. Bartlett, S. Yeh, K. Kourtakis and T. Mallouk, J. Fluor. Chem 26,
97-116 (1984).

(e) 02+PtF6'(S) possesses a vapor pressure of 2-5 torr at 373 K (it
sublimes under vacuum between 90° and 130°C) [N. Bartlett and D.H.
Lohmann, J. Chem. Soc. 5253 (1962)}. Thus, AG°373(02PtF6(S) > OZ(g) +
PtF6(g)) = 0-10 kcal'mol'l; S°(02PtF6(s)= 57 cal mol"ldeg'1 [ref. 9,
Table 6.3], $°(0(g)) = 49 cal mol™'deg™l , $°(PtFg(,))= 82 cal mol™l
degfl, so AH°= -37 kcal mol~l. Since 8H® 1 ttice = ~134 kcal mol'l, and
AH°(02(8) > 02+(g) + e )= 278 kcal mol~l, we obtain AH°(PtF6(g) +e >
PtFﬁ'(g))= -181 kcal mol™l. This is in good agreement with the value of
184 kcal mol™! obtained by Nikitin et al. from gas phase ion-molecule

equilibria [J. Mass Spec. Ion Phys. 37, 13 (1981)].
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the 2/3 potential is on the order of 12 kcal mole-l‘ This is

evident in the galvanostatic charge curve of graphite to
produce graphite bifluorides in 1M NaF/HF electrolyte solution
[M. Kawaguchi, M. Lerner, N. Bartlett, to be published].

Sharp transitions are observed in this curve which correspond
to the onset of a new stage; plateau regions indicate charging
whichvconverts one stage to another, and is a mixture of
stages. A low current density of 100 uA/cmz_constrains the
system to be near equilibrium throughout charging. Since AsFg
always.generates a mixture of first and second stage nestled
C4«AsFg salts, it can be cdncluded that the oxidizing potential
of AsFg 1s exactly that which matches the potential of that

two stage system.
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Chapter 5
Conversion of Graphite Fluorophosphates
to Graphite Fluoroborates

5.1 Introduction

As has already been pointed out in Chapter 4 in situa-
tions where the effective thickness and charge of the guest
species are the same in graphite intercalation compounds,
AH(expansion) and AH(oxidation) are roughly independent of the
identity of the guest. This is true for most of the MFg~
intercalants. Since the thickness of a tetrahedrally close-
packed F~ ligand cluster is approximately the same (along a
three-fold axis) as that of an octahedral one, it is not
surprising to find that graphite fluoroborates and fluoro-
sulfates! (the 0~ and F- ligands are similar in volume and Van
der Waals radii) have similar interlayer spacings to those of
the hexafluorometallates. The question of the relative
stabilities of the graphite fluoroborates (C,'BF;”) and their
equally charged hexafluorophosphate relative (Cx+PF6') of the
same stage, therefore appears at first sight to be a relative-
ly easy one to address. 1In reactions in which one salt is
converted into the other (either PFg displacement from PFg~ by
BF3 or by BF3 displacement from BF4~ by PFg) without change in
stage,

CyBF4 + PF5 > CyPFg + BFj

CyPFg + BF3 > CyBF4 + PFg
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there would not be any change in the total cﬁarge. As a
consequence of the BF,~ and PFg~ having similar}effective.
guest thickness the difference in lattice energy for the two
cases would appear to be very small and hence would‘have
little influence in the determination of which fluoroacid

would displace the other.

Cy + MFG(g) > C4xMFg
or

(Cx + A(g) + 1/2F(g) > CxAF)

AH(oxidation)

—

-e o ——§

+

AH(expansion) {AH(lattice)
: AH + e~

_— MFg~ (or AF~)
graphite{ ——— — + MFg(g) ——— B SO S
——————— or

(1/2F2(q) + A(q))

vAH(intercalation)
In the Born-Haber cycle reproduced above, a reasonable
assumption for the fluoro-intercalants is that the fluoride
ion acceptor enthalpy; AH(A(g) + F;(g) > AF'(g), (or electron
affinity, if the reactant is a hexafluoro heutral) is the only
one which is substantially different for'tﬁe different inter-

calants. A general anion displacement in a perfluoro anion

75



graphite salt can then be regarded as a donation of fluoride
ion from one fluorospecies to the other: CX+AF' + B(g) >
CX+BF' + A(g)). By this reasoning, the neutral fluorospecies
with the stronger fluoride ion acceptor strength ought to
displace the weaker.

The fluoride ion affinity of PF5(g) and BF3(q) had been
reliably determined previously by others in this labora-
tory.2:3 -[(aH(PF5(q) + F (g) > PFg (g)) - (BH(BF3(q) *+ F (g)
> BF4‘(g))]= 8 kcal mol~l. Hence, the expected reaction
would be the displacement of BF3(g) from CxBF4(s) by PFS(g).
Observations of Rosenthal? however had showed that the reverse
displacement in fact occurred.

One goal of this study was to establish fully the
correctness of Rosenthal's observations and, from a more
complete characterization of the graphite salts produced by
the displacement of PFg by BF3, to endeavor to understand that
unexpected finding.

In 1980 McCarrcn, Gannier and Bartlett4 had prepared
first stage graphite salts from graphite PFg and F; but their
product was not proved to be simply CX+PF6'. Similar syn-
thesis of a fluoroborate graphite salt (from BF3/F,; and
graphite) was made by McQuillan5 but again the material was
not shown to be of a simple salt formulation CY+BF4'. The
fluoroborate and fluorophosphate salts of graphite were also
prepared by Ebert, Selig and their coworkers® by reaction of

graphite ClF and either PFg or BF3. Additional reports by
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Billaud et gl;7 involved reactions of the oxidizing salts
NO,*PFg~ and NO,*BF,~ with graphite in nitromethane. These
last reactions occur with the liberation of NO; and intercala-
tion of PFg~ and BF4~ but the preparation invariably involved
the insertion of nitromethane. More recently, Rosenthal? had
more fully characterized the salts formed in reactions of
graphite with the mixtures of F,; with PFg and F,/BF3 employed
eariier. Although Rosenthal demonstrated that neutréls (PFg
or BF3) were commonly incorporatéd together with PFg~ or BF4~
within the graphite galleries, the conditions necessary for
the preparation of CX+BF4' or CY+PF6' salts (free of neutrals)
were not well defined. Nor was it clear that these synthetic
routes, using as they did elemental fluorine, d4id not con-
taminate the salt products with extensive fluorination of the
graphite network (C-F bond formation). Milliken and Fischer3
had attributed the decrease in conductivity of first stage
AsFg compounds to defect scattering from C-F bond sites, and
Okino? had observed conductivity decreases upon direct
fluorination of first stage arsenic pentafluoride salts which
he was able to show involved greater uptake_of.fluorine than
that needed for anion formation. |
Accordingly, it was decided that the'measurement of
electrical resistivity in those fluo;oborates and fluorophos-
phates prepared using elemental fluorine, provided a means of
detecting C-F bond formation and all such preparations were

therefore monitored in that way.

77



In this study the effect of changing the ratio of
fluorine to PFg or BF3 in the synthesis of graphite inter-
calation salts CyPFg or Cy4BF, was followed by gravimetry,
tensimetry, conductivity measurements and X-ray powder
diffraction. The last was vital to the determination of the
phases (stages) present and their dimensions.

To check on the validity of the fluoride-ion enthalpy
values for BF3 and PFg, and the impact of the lattice enthalpy
on the relative stability of tetrafluoroborates and hexa-
fluorophosphates, displacement of BF3 from BF4~ and PFg~ salts

of small and large cation, were also undertaken.
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5.2 Experimental

5.21 Resistivity Measurements on Graphite Salts'

Previous conductivity measurements of graphite inter-
calation salts used the contactiess technique described
elsewhere.10 This technique requires highly conductive HOPG
chips. Often, these chips had been previously fluorinated in
order to eliminate surface hydroxyl groups. This procedure
may involve some graphite fluorination with consequent
reduction in conductivity, and such fluorinatiéns have been
avoided in these studies. 1In addition, in the past, graphite
salts have usually not been subjected to long term dynamic
vacuum to ensure almost complete removal of volatile. It is
very probable that the large chips of HOPG studied in the
past, which had been subjected to dynamic vacuum for periods
of only several hours, cbntained high concentrations of
neutral guest species since vacuum stability of fluorophos-
phate and fluoroborates prepared from SP1l graphite (particle
size 70-100 u) was only achieved after 500-1000 hours in a
dynamic vacuum. If the escape of the neutrals is diffusion
limited in SP1l salts, theh surely the effect is operative for
HOPG salts, and the evaéuation time necessary for vacuum
stability can be expected to be proportionally longer.
Product homogeneity is also less certain with HOPG chips.
Conductivity data derived from HOPG chips have therefore
uncertain value unless the absence of neutral guest spécies

can be guaranteed and the homogeneity established.
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The method used in this study involved four probe
conductivity measurements on pressed polycrystalline pellets.
An infrared die was locaded with 100-200 mg of the salt inside
the dry box and was enclosed in a plastic bag. The bag was
removed and placed in a hydraulic press, where pressure was
applied thrice at 1000 psi for 2 minutes at room temperature
through the plastic bag. All pellets were prepared using the
same die and identical hydraulic press conditions.

Conductivity measurements were obtained by utilizing a
four-probe device consisting of two 1" x 1" plexiglass
squares. Four 0.15 mm Pt/10% Rh wires were affixed to the
surface of the square. The pressed pellet was cut into a
small rectangular piece whose dimensions were accurately
determined and then placed across the wires. Light pressure
was applied by the opbosing plexiglass square. Current was
allowed to flow across the outer leads, and voltage was
measured across the inner contacts. The current polarity was
reversed and the current-voltage linearity was checked to
establish the ohmicity of the contacts. Results obtained by
this method were reproducible to 10-15% accuracy. The small
discrepancies can be attributed to the variation in the exact
point of electrical contact between the platinum wire and the
pellet. This error could be minimized by using narrowly cut
pellets. 1In this way, conductivity measurements were obtained

for materials which are well characterized and homogeneous.
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5.22 Reactions of Simple Tetrafluoroborate and Hexafluoro
phosphates:

KPFg (IPR, Gainsville FA) and NaBF, (Alfa, Danvers MA)
were used as obtained. Bu4N+PF6'(s) was prepared from 1l:1
mixtures, in aqueous solution, of BuyNBr (Eastman, Rochester
NY) and NaPFG, followed by recrystallization from CH,Cl,.

All reactions were carried out in a 1/4 " sapphire tube
fitted, via Teflon gasketed compression fittings, with a
Whitey valve. The volume was small enough to allow pressureé
of = 3 atmospheres to develop with the gaseous reagent used.
BF3 or PFg was condensed onto each of the salts at -~196°C and
the mixture was then allowed to approach room temperature.
Two or three such temperature cycles were used to promote the
reaction. The volatiles were then vented to the infrared cell
and an infrared spectrum was recorded.

5.22.1 BFj3 + KPFg: PFg was produced when BF3 was reacted in
the molar ratio BF3:KPFg::1:1. Almost all of the BF;5 was
consumed. With additional BF3 no further displacement of PFg
was observed, thus indicating a guantitative displacement of
the PFg in the first interaction. Finally, the absence of any
reaction of the fluoroborate product with excess PFg demon-
strated that the process was irreversible. Hence,

BF3 + KPFg > KBF4 + PFg
5.22.2 BF3 + BuyN'PFg~: BF; was reacted with BuyN'¥PFg~ in a
molar ratio BF3:BuyNTPFg~::2:1. PFg was detected in the

infrared spectra of the volatiles. The reaction stoichio-
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metry, as determined from the intensity of the infrared bands,
was roughly one mole of PFg eliminated for every mole of BFj;
consumed. Further reaction with BF3 produced only small
evolution of PFg. The reaction was reversed by the addition
of PFg in the molar ratio PFg:BuyN‘t::2:1. These displacements
demonstrate that the salts and their counter fluoroacids are
close to equilibrium:

BF3 + BuyNtPFg~ > BuyN'BF,~ + PFg

5.22.3 PFg + NaBF4: No reaction was observed when PFg was
added to NaBF,, the reaction stoichiometry being
PFg:NaBF4::2:1. Thus,

PFS + NaBF4 g NaPF6 + BF3

5.23 Graphite Hexafluorophosphate

5.23.1 Reaction of equimolar PF5S and Fj

Small, =2 ml, stainless steel reactor tubes were joined
via a 3/8" to 1/4" Swagelock union to a stainless steel Whitey
valve. To retain the fine powders within the reactor (espe-
cially during initial evacuation), two to four Teflon'filter -
papers were sandwiched between two stainless steel (100 mesh)
screens. This sandwich was placed at the top of the swagelock
assembly. The reactors were passivated with ClFj3 vapor and
loaded under a dry Ar atmosphere with graphite (SP1l, Union
Carbide) which had been previously heated to a red heat under

dynamic vacuum for approximately 1-2 hours. Previous workers
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in these laboraﬁories had fluorinated SP1l and HOPG graphite,
prior to intercalation,_as a standard_procedure to clean iﬁs
surface and edges. This procedure was never used in this |
study because of the effect that fluorine‘has in reducing the
- electrical cdnductivity of thése materials. PFg was purified
by trap to trap distillation, at dry ice-acetone température,
to remove any OPF3 impurity. Fluorine was stored over NaF to
remove HF. The purity of both reactants was established by
infrared Spectroscopy. The vacuum line and reactors were
passivated with ClFj3 prior to all reactions.
The reaction conditions are shown in Table 5.3.

" Reaction times were on the ordef of 100 hours. The volatiles
remaining after reaction were examined by infrared spectro-
scopy at liquid N2 and at room temperature.

| Volatiles were trapped under dynamic evacuation by a'
1/4" diameter copper U tube held at -196°C. The volume of!the
copper tubing and vacuum line was determinedvtensimetrically
by the expansidn of helium from it into a known additional
volume. |

Ali weights (t 0.1 mg) were made outside the dry box.

The stainless steel reactér, detached from the Swagelock-
Whitey valve assembly, was capped with a plastic cover in the
argon atmosphere and taken outside of the dfy box to be
weighed. Vibrations rendered weighings made within the dry

box less precise.
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5.23.2 Reactions of F, with excess PFg

Stainless steel reactor vessels (5 ml volume) were fitted
with a filter assembly, as previously described, to a Swage-
lock assembly and Whitey valves. PFg and F; were used
following trap to trap distillation and storage over NaF. SP1l
graphite which had been heated to red heat under dynamic
vacuum for 1-2 hours was used. The reactor and vacuum line
was passivated with ClF; vapor prior to all reactions.

Both tensimetry and gravimetry were used to monitor these
reactions. Reaction conditions are summarized in Table 5.1.
Typically evacuation times exceeded 500 hours. Plots of the
weight lost after different time inFervals fitted smooth
single exponential curves, each with a parameter added for the

offset to extrapolate to time zero (see Figures 5.2).

5.24 Preparations of Graphite Tetrafluoroborate

5.24.1 Direct reaction of BF3_and Fj:

Stainless steel reactors'and filter assemblies similar
to those described above were uséd. The reactors and vacuum
line were passivated with ClF3 prior to use. Preheated SP1
graphite was used. Fj, and BF; were used after establishing
their high purity by infrared spectroscopy. F; was stored

over NaF pfior to use (to remove HF).
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5.24.2 Synthesis by displacement of PF: from Graphite Hexa-

fluorophosphate with BF-

Graphite fluoroborates prepared by reaction of second or
higher stage hexafluorqphosphate with BF3 formed the central
concern of this study. The reactions were followed by
gravimetry, tensimetry, and infrared spectroscopy as described
previously. In addition, X-ray powder diffraction patterns of
the solids were recorded routinely. The reaction conditions
and stoichiometries are tabulated in Tables 5.2 and 6.1.

Evacuation times are indicated.

5.24.3 Attempted reaction of graphite with NO,BFy

Attempts were made to prepare the fluoroborate salt
directly, without solvent. NO;BF,; was prepared by interaction
of NOF and BF3. This salt was formed in a 1/4" sapphire tube
by condensing a 1l:1 mixture of the two gases. NOjF was
prepared by treating NaNO,(s) with F, in a Monel can equipped
with a Teflon gasket. Impurities (FZ, N-O4) were removed by
fractional distillation, and the product was characterized by
infrared spectroscopy. An excess of NO,BF, was placed with
SP1 graphite in a sapphire tube. The reaction mixture was
treated with ultrasonic agitation at room temperature for 17
days with no wvisible reaction. The reactor was also heated
mildly with no effect. Apparently, a solvent is necessary to
induce reaction,‘and as solvent incorporation is an inevitable

consequence of this technique, this is not an acceptable
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synthetic route for pure graphite intercalation salts. 1In
contrast Oj;AsFg does intercalate graphite without a solvent;
this is probably due to the slight vapor pressure of the salt,
so that the actual process may involve the interaction of the
graphite with AsFs5(g) and Fa(q) (the last derived from O,F):

OZASFG(s) > OzF(g) + ASFS(g)'

5.24.4 Electrochemical reduction of graphite fluoroborates

The electrochemical reduction of fluoroborate salts was
carried out in an attempt to determine the degree of oxidation
of the graphite 7 system in these salts.

An EG&G Model 271 Potentiostat/Galvanostat was employed.
The electrode was fabricated by hydraulically pressing the
graphite fluoroborate onto a platinum mesh which was attached
to a platinum.wire, after enclosing the materials in a plastic
bag in the dry box. A copper counter electrode was used. The
three electrodes were immersed in anhydrous‘HF, which had been
stored over SbFg to remove any moisture. =1 M Sodium Fluoride
served as the electrolyte. The cell body was a Kel-F cross,
fitted with 1/2" Teflon ferrules on three ports and a 1/4"
Whitey valve on the fourth. Electrodes were prepared by
pressing mixtures of the fluoroborate salts, prepared from the
reaction with SP1 graphite, with carbon black and teflon. The
intercalation salt alone was not sufficiently cohesive to

function as an electrode in the electrochemical cell.
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The kinetics of the reaction at the electrode were too
slow to achieve complete reduction. When a constant current
of +50 uA was applied, the voltage fell to below zero, where
coulometry is no longer valid. Likewise, under constant ap-
plied potential, the current fell to essentially zero in a
matter of hours indicating less than 10% reduction of the
salt. Reduction of the edges of the graphite.proceeded first,
followed by very slow reduction and migration of the bulk
intercalant to the surface. Because of the air and moisture
sensitivity of the oxidized material, as well as its strongly
oxidizing character, alternative cell designs were not readily

apparent.

5.24.5 ESCA measurements on graphite fluoroborate salts

In an attempt to obtain quantitative information on the
oxidation state of the fluoroborate population in the graphite
intercalant, X-ray photoelectron spectra were obtained for the
fluoroborate éalts prepared by PFg displacement for graphite
fluorophosphaté and for those salts which had been fluori-
nated.

The photoelectron spectra were collected using a GCA/Mc-
Pherson ESCA 36 spectrometer. Approximately 100 mg of the air
sensitive samples were pressed into small 1 mm x 1 mm plates
ahd secured to an aluminum sample holder by epoxy in the dry
box. They were loaded into the high vacuum ESCA apparatus in

an inert helium atmosphere.
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Boron 1ls binding energies were measured. Signals
obtained were discernible over the noise of the spectrum, but
because of the poor quality of the spectra, no conclusions
could be drawn concerning the differences in oxidation state
populations between the various samples. A drawback to the
technique, aside from its characterization of only the surface
and not the bulk of the material, was that the heat generated
from electron bombardment may have affected surface composi-

tion.
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5.3 RESULTS and DISCUSSION

5.31 A sStudy of PFg Displacement by BF3 and vice versa,

involving alkali and tetra-alkyl ammonium salts of PFg~
and BF4~ |

In the typical Born-Haber cycle shown below, the
énthalpy change associated with formation of'A+EF6‘(S) or
ATEF,”(g) from AF(g) and EFg(gq) or EF3(4) is the sum of three
enthalpies: the fluoride ion donor enthalpy, AH?(AF(g) > A+(g)
+ F'(g)), the fluoride ion acceptor enthalpy, AH°(EF5(g) + F~
(g) * EFg (g)) or AH°(EF3(gq) *+ F7(g) »> EF4 (g)), and the

lattice enthalpy of A+EF4-(S) or A+EF6f(S).

AF (g) + BF3(g) > A+BF4-(S) > A+PF6-(S)

¥ \ F-(gj ¥ /f
A(g)

AF(S) + PFS(g)

¥ X F_(g) ¥ /f
2Y(gq)  PFe (q)

BF4™ (g)

For the small cation salts (Qhere differences in anion
sizes are maximized) the lattice energy evaluations are
reliable and typically, for the alkali salts, BF4~ lattice
enthalpies are 10 kcal mol~l more exothermic than those of the
corresponding PFg~ salts.ll Because the fluoride ion affinity
of PFg is only 8 kcal mol~1 more exothermic than that of BF3,
and because other terms are the same for the two cycles, i£
can be concluded that BF3 should displace PFg in such small

cation cases. Indeed such a displacement was observed for the
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potassium salt. Also, PFg was unable to displace BF3 from the
fluoroborate of sodium (NaBFy).

The next case involved use of very large cation salts,
the tetrabutylammonium fluoroborate salts. In this instance,
one might speculate that because the cation is bulky, the
lattice enthalpies would be mdre similar; any energetic
advantages gained by small anions are thereby minimized.
Experimentally an approximate equilibrium was observed between
fluoroborate and fluorophosphate salts. The sum of the
lattice enthalpies and fluoride ion affinities is evidently of
the same value for these two salts. This means that the
effect of increasing cation size to that of the tetrabutylam-
monium cation has been to diminish the lattice enthalpy
advantage of the fluoroborate over the hexafluorophosphate by
approximately 2 kcal mol~l. The fluoroborate lattice enthalpy
advantage is now equivalent to the fluoride ion affinity
advantage possessed by PFg.

These observations on the alkali and tetrabutlyammonium
salts confirm the general validity of the Born-Haber cycle
evaluations and the relative fluoride ion acceptor strengths
of the BF3 and PFg. Since graphite, in its salts, might be
expected to behave as a macro-cation rather than a small
cation, it is apparent that the observed displacement of PFg
from graphite hexafluorophosphate by BF3 is not simply a one
for one displacement. The characterization of the fluorobor-

ate product was clearly of crucial importance. But it was
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also important_to use well characterized graphite hexafluoro-
phosphate as the starting material.
5.32 The Prepération and Characterization of Graphite

Fluorophosphates

Tensimetric and gravimetric results are shown in Table
5.3, for preparations in which the PFg: F, ratio was ap-
proximately 2:1. It is evident that as the fluorine con-
centratioh, in the admixture of PFg with F,, approaches that
ideally required for the oxidizing half reaction: PFg + 1/2 F»
> PFg~, the possibility of direct interaction of the fluorine
with the graﬁhite to make C-F bonds increases. Both reactions
a and ¢ show CFy4 in the infraréd spectrum of the volatiles, a
clear indication that reaction of graphite with fluorine has
occurred. The identity of the evolved.volatiles indicated in‘
the table was established using infrared spectroscopy. The
volatiles were trapped continuously under dynamic evacuation,
and the ébsence of F, was verified by checking residual
pressure at -196°C. From this technique good estimates of the
final stoichiometries could be made. The presence of residual
PFg in experiment b strongly implies that, in that prepara-
tion, some of the fluorine (intended for PFg~ formation) is
being consumed in forming C-F bonds»in the solid phase. It is
concluded that reéctions with graphite in whichvthe neutral
fluorocacid is not present in excess of the fluorine required

for_anion formation is highly undesirable.
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Weight loss as a function of time was also evaluated and
typical curves are shown in Figures 5.1. Although the weight
measurements are very reliable, unlike the weight loss of
neutral-rich reaction mixtures described in the next section,
these evacuation curves (see Figure 5.2) are not smooth; they
have a broken pattern. This may be a consequence of signi-
ficant amounts of relatively immobile fluorine attached to the
carbon layers which intermittently blocks the orderly dif-
fusion-limited exit of neutrals. Another possible effect of
the fluorine bonding is the alteration of the plasticity or
pliability of the layers, causing slower stage changes. 1In
such C-F-bond containing materials the stage changing may be
on a comparable time scale to that of the diffusion time scale
of the neutral guests. The departures from smooth curve
behavior (see Figure-S.Z) could be a consequence of stage
(phase) changes occurring fitfully over the time‘of the
evacuation of the volatiles.

Table 5.1 summarizes the results of fluorophosphate
preparations in which PFg, in excess of that required to form
PFg~, was used in their combination with fluorine to bring
about graphite intercalation. The stoichiometries of the
vacuum stable products are listed there. The loss of vola-
tiles in these reactions is gradual and the evacuation curve
illustrated for typical cases (Figures 5.2) is smooth. The
exponential form of the curve suggests that the loss of PFg is

diffusion limited. It seems likely, in light of the NMR
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evidence® which suggests that P;F;1” dimers are present in
non-vacuum stable hexafluorophosphate intercalants, thét'the
migration of the neutral PFg out of the bulk occurs through
dimer formation:
'"PFg + PFg~ > Fg'P-F-PFg = 'PFg~ + PFg

Thereby neutral is transferred from one site to another.

| Tensimetry and X-ray diffraction evidence indicate that
the initial product of the reaction is at least a mixture of
first stage and second stage (see Chapter 6). The first-
stage salt convert to second stage as PFg removal proceeds.
Since no break is observed in these evacuation curves, the
stage changes must be occurring rapidly and continuously from
the beginning of PFg loss. The system from the outset of the
PFg loss is then a two stage one (two phase) involving first
andvsecond stages. The quantity of PFg lost in those cir-
cumstances is simply dependent on the quantity of first stage
material remaining.

Unless complete vacuum stability is established, neutrals
remain and are identified as anions. If that occurs the
oxidation appears to be greater, than in faqt it is, vet
physical measurements will show lower overall charge transfer.
Such confusion may lie behind the interpretation of some
findings in the graphite AsFg system and could account for
much of the controversy.

The present studies and those of Okino? and Rosenthal?

have shown that close packed first stage salts containing
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neutral molecules do convert to higher stage if properly
evacuated. True first stage salts, containing few neutrals,
are preparable however if appropriate (usually more powerfully
oxidizing) conditions are employed. An instance of that
approach is okino'sl2 employment of C6F6+AsF6' to prepare
first stage (vacuum stable) CjgAsFg:

10 C + CgFgAsFg > CyoAsFg + CgFg.

CondﬁctiVity measurements were made on the graphite
solids to monitor the fluorination of carbon in these inter-
calation compounds, and to determine whether excess neutral
protects the carbon layers from its reaction with fluorine.
Okino? had observed marked impact of fluorine uptake (in
excess of that required to form the anion) on the conduc-
tivity. 1In the system C;4AsFg (a first stage nestled salt)

- the addition of.two additional F atoms per formula unit
(C14AsFg*2F) brought the specific conductivity down by an
order of magnitude. The best known system where C-F bonding
impact on conductivity has been studied however is that of CyF
which is an insulator.3 Similar effects have been noted in
this work.

The conductivities of the graphite fluorophosphates are
tabulated in Table 5.4. This data demonstrates that hexa-
fluoride compounds which have been slightly fluorinated
exhibit a marked drop in conductivity. The highest observed
specific conductivities for these pelletized solids were close

to 1300 9-1 cm~l- a five to six fold decrease in conductivity
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from that of the unfluorinated carbon relative. Second stage
fluorocborate salts which have been prepared with higher
fluorine concentrations, than strictly required for anion
formation, in the reaction mixture shoW conductivities in the
region of 200-300 @~lem~l. This indicates that in the
fluorine rich systems some fluorination of the carbon layers
has occurred. 1In contrast, fluorophosphate salts which were
prepared with excess of neutral over fluorine exhibit higher
conductivities. A large excess of neutral evidently dimin-
ishes the opportunity fluorine has of encountering graphitic
carbon; evidently the fluorine reacts preferentially with the
neutral fluorcacid. The findings are clear: a preparation
using excess neutral achieves the goal of inhibiting fluorina-
tion of carbon. Such salts prepared in this study, because of
their higher conductivities, must have minimal direct C-F
bonding.

These findings suggest mechanisms which may both cause
fluorination of the graphite when fluorine is present in high
concentration and avoid that process when excess neutral is
present.

Since the formation of graphite salt C,YAF~ (A is a
fluoride-ion acceptor such as BF3 or PFg) means that the
carbon sheets become positively charged, it is at first sight
surprising that the electrophilic fluorine atom would attack
the positive carbon. 1Indeed it is probable that the attack on

the positive carbon involves transfer of F~ from an anion.
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Since F~ is likely to be more firmly held by two acceptor
species A than by one, it is less likely that such a process
will occur when the anions are PF;;~ and ByF5~, than if the
anions are BF4~ and PFg~. It is even possible, that in
regions of high fluorine concentration, species such as PF72”
and BF52' could form transiently. Certainly such doubly
charged anions would be potent F~ donors, but the singly
charged PFg~ and BF4  may be sufficient for that purpose.
This F- transfer will probably occur much more readily in
first-stage systems, since, under those circumstances, an

anion on each side of a given carbon sheet viz:

O
©

is more likely to localize: a higher positive charge at a given

carbon atom than is possible for any higher stage materiall3.
Certainly the experimental findings show that fluorination of
the carbon sheets is more likely to occur in first-stage salts

than in those of higher stage.

5.33 Fluoroborate salts prepared by displacement of PFg

As previously noted, the displacement of PFg by BF3 was
first investigated by Rosenthal? in these laboratories. There
remains, however, some question as to whether the reaction
products were correctly described, since the procedure used by
Rosenthal failed to address the problems of fluorination of
carbon and vacuum stability of the product.
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In this work, the complete displacement of PFg by BF3 was
checked by subsequent treatment of the reaction product with
the superior fluoroacid AsFg. Arsenic pentafluoride was shown
to displace both BF3 and PFg frdm second stage graphite
fluoroborate and fluorophosphate salts. This is achieved
because arsenic pentafluoride possesses a fluoride ion
affinity3 of -117 kcal mol‘l, which greatly exceeds those of
BF3 and PFg, for which the fluoride ion affinities3 are -92
and -100(1) kcal mol‘l, respectively. Since the displacement
reaction is an exchange of fluoride ion (AsFg + PFg~ > AsFg~ +
PFg), the stronger fluoride ion acceptor, AsFg, will displace
the weaker ones, BF3 and PFg. The product of the reaction of
BF3 with the hexafluorophosphate salt was further reacted with
AsFS, as described in the experimental section. Infrared
spectra of the displaced volatiles were consistent with
complete elimination of BF3 by AsFg; PFg was not observed. X-
ray powder photographs show a mixture of first and second
stage arsenic hexafluoride salts typical of the product of
interaction of AsFg with graphite itself.

CogPFg + (Xs) zBF3 > Cpg(BF3)yx(PFg)y + (1-Y)PFg + (z-X)BFj
Cog(BF3)x(PFg)y + ASFg > CygAsFg(AsFg) + xBF3 (y = 0)
It can be safely concluded that boron trifluoride completely
displaces phosphorus pentafluoride quantitatiVely from C,gPFg.
Table 5.2 (b) shows some compounds obtained from the
elimination of PFg from C4PFg by BF3. The reaction products

contain neutrals together with anions at the extreme limits of
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evacuation, as determined by éravimetry. It is noteworthy

that through this displacement a second-stage hexafluorophos-
phate intercalation salt is converted to second stage fluoro-
borate, and there is evidence (see high pressure BFj studies,

Chapter 6) that first-stage materials also formed.

From Table 5.2 it is seen that the limiting (wvacuum
stable) composition for the fluoroborate prepared from Cy4PFg
is approximately CyBF4-1/3(BF3). The persistent presence of
neutral BF3 is almost certainly an important factor in the
energetics which results in the gquantitative displacement of
PFg5. As has been discussed earlier, if the displacement were
simply one BF3 for one PFg and there was no change in stage
(or charge) the displacement cogld not occur.

The CXBF4-1/3(BF3) is always one of close packed F
ligands (see Chapter 6) whereas the CyPFg from which it is
derived is never so. Thus when one starts with second stage
CxPFg, the resulting Cy4BF4+1/3(BF3) is third stage or higher
(see Tables 5.5 and 6.1). Clearly the presence of the BFj
provides for a high volume concentration of anions in the
CyBF4°1/3(BF3) than in C4PFgz. Therefore the BF3 is acting as
an effective dielectric spacer. Alternatively it could be
forming the species:

(F3B - F - BF3]~

The observed close packing however indicates that each BF3 may
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be shared with two orvmore
dielectric spacer model is

It is clear that this
impact of the BFj provides
to the displacement of PFjg

by BF;.

BF4~ in which case the simple
more appropriate.

dielectric spacer (or bonding)
energy advantage which is crucial

from the graphite fluorophosphate
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Table 5.1 Representative Preparations of CxPFg
Ratio Reaction Evacuation|Stoich. at Comment
PFg5:3(F3) |Time(hrs) Time(hrs) |termination of and
(20°C) (20°C) neutrals removal| Stage
a | 5.7:1 352 (net) 259 C31PFg 2
(4 rxns)
b | 3.1:1 | 179 (net) 394 C,7.9PFg 2
(2 rxns)
c | 5.6:1 | 624 (net) 324 C30.7PFg 2
(4 rxns)
a| 3:1 48 499 C32.7PFg(PFg)g.127| 2(3
(Cog,74PFg) trace)
e 3:1 48 499 C3?.1PF6(PF5)0.08* 2
C28.23FFp)
£ 3:1 48 499 % 3PF6(PF5)Q o ¥l 2
C23.2F
g | 5:1 92 950 ? 4PF6(PF5)0 0a¥| 2
C25.4P
h | 4.5:1 92 950 4PF6(PF5)O 18%| 2(32
?CZG 3P trace)
i | 4.8:1 1 92 950 Cag. 9PF6(PF5)0 12% 2
(€27.1PFg)
3 4.3:1 | 191 (net) 624 C31.3PFg
(2 rxns)
k | 5.5:1 | 191 (net) 624 C31.7PFg
(2 rxns)
1 5.4:1 191 (net) 624 C33.1PFg
(2 rxns)
m 4.0:1 220 (net) 720 C3p.5PFg
(2 rxns)
n 3.6:1 220 (net) 720 C,8.6PF¢
(2 rxns)
o | 4.1:1 | 220 (net) 720 Cog.0PF6 2
(2 rxns)

‘See Next Page for Notes to Table 5.1
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Notes to Table 5.1
¥ see Table 5.5 for Second and Third Stage X-ray powder

patterns for these materials.

T to obtain compositions at infinite evacuation time subtract

the PF5'residue.
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Table 5.2

Graphite Fluorophosphate and Fluoroborate
Stoichiometries /Vacuum Stability

PFg Displacement?

Extrapolated
Stoichiometry

by gravimetry by tensimetry

a C32‘7PF6'(0.12)PF5
b C3O.1PF6'(0.08)PF5

(o] C23.3PF6'(.006)PF5

C32,7(BF3)3 oF
C30.1(BF3)3, oF

C23,3(BF3)3 4F

C32,7(BF3)3 gF
C30.1(BF3)4, 1F

C23.3(BF3)3 2F

T The compositions listed under tensimetry are those deter-

mined from the BF3 consumption as measured by the pressure

drop in the system of known volume.

The compositioﬁs listed

under gravimetry were obtained by weighing the samples briefly

opened to the argon atmosphere of the dry box.

The tensimetry

composition is a more reliable measure of the composition of

the BF4~/BF3 complex under BFj pressure.

fe—————_—
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Table 5.2 (cont.)
Evacuation Time Stoichiometry
(hours) a b (o]
45 C32.7(BF3)1,50F|C30.1(BF3)1.48F|C23.3(BF3)1, 46F
122 C32.7(BF3)1,44F|C30.1(BF3)1,45F[C23, 3(BF3)1 42F
139 C32.7(BF3)1,41F|C30.1(BF3)1,41F|C23,3(BF3)1 39F
445 C32,.7(BF3)1,37F|C30.1(BF3)1.36F|C23.3(BF3)1 37F
40 days C32.7(BF3)1,32F|C30,1(BF3)1,35F|C23,3(BF3)1 . 36F
in dry box




Table 5.3 Tensimetry and Gravimetry Employed to Determine
Fluorine Incorporation when PFg:F; Approaches Unity

Reaction Residual Infrared Comments
Conditions Fluorine of Volatiles
a F:C = 1:33.6 0 - CFy4 Some Fluorine
PFg:C = 1:29.8 - uptake to make CFyu
: Residual PFg indi-
b F:C = 1:33.3 0 PFg cates some Fluorine
PFg:C = 1:33.3 bond formation with-
’ graphitic carbon
e F:C = 1:34.2 .. 0  PFg:CF4 Some Fluorine
PFg:C = 1:33.6 0 3:4 to make CFy
Evacuation (-196°C)
Evacuation Calibrated Infrared
Time (hours) ~ of Volatiles
trapped
a 105 ‘ PFc:CFy = 2:1
b 105 | | PFg
c 105 _ PFg, trace CFy
W

Stoichiometry Based Upon Tensimetry and Gravimetry

a Cgg.gPFg*(0.3) PFg

b T C353.3(PFg)+(0.12) F

ct 45, 3(PFg)+(.02-.06) F

t+ Since the compositions stated are those for the vacuum
stable limit in which neutral PFg can be assumed to be absent,
it is appropriate to express the phosphorus species as PFg™.
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Table 5.4 Conductivity of Polycrystalline Graphite Salts
(Pressed Pellets Using Four-Probe Method)
Stoichiometry Stage (c¢) o] cN* remarks
(R) (@1 em~1)

SP1 Graphite - 642 642

Fluoroborates:

C14.5BFy4 2 (=10.8) 194 313 prepared with
excess fluorine

C1g.2BFy 2 (10.95) 163 266

(sz%BF3)Fl.8)T

C,gBF4(BF3)g.g 3 (14.5) 1377 1987

CogBF4(BF3)g.6 3/2 (14.62) 410 596/445

+ =0.50 F

CogBF4(BF3)g.4* 2 (10.6) 490 775

+ 8.5 F

* = jdealized t+ obtained from tensimetry and gravimetry

Fluorophosphates:

Cr7.8PFg 2 (=10.9 A) 876 1425

C31PF6 2 (=10.9 &) 1257 2045

Fluorophosphate 2 (a) 113 184 *

+1/2 Fy 2 (b) 100 162

* Compared with the fluoroborate salts, the impact of fluorine
in lowering conductivity is much more severe. This (as well
as the stage change observed) indicates the presence of
neutral BF3 in fluoroborate salts.

¥ Oy = Normalized to graphite. g(2/n)(c/cgraphite), Where c =

unit cell "e¢" spacing, Cgraphite = 6.7 &, and n = stage.
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Table 5.5 X-;ay Powder diffraction of Fluoroborate Salts
a= 2.46 A
Fourth Stage C30.1BF4(BF3)q.35 c= 17.8
No. Intensity 1/d2 (obs.) 1/d2 (calc.) Assignment
1 vstrng .07802 .0786 005
2 med .1121
broad .1148 .1132 006
.1162 ‘
3 med .2209 .2204 100
sharp
4 weak - .2355 .2334 102
broad .2398 .2490 103
.2455
5 vw .3121 | .3144 | 00 10
6 mw .3819 .3804 _ 00 11
7 med .6610 .6613 110
sharp
8 vw .7401 .7399 115
9 vVw .8040 .8049 00 16
sharp »
Third Stage Cy3.3BF4(BF3)q. 39 a= 2.46, c="14.6 A
No. Intensity l/d2 {obs.) l/dz(calc.) Assignment
1 strng .0751 .0751 004
2 med .1213 1174 005
3 sharp .2209 .2201 100
4 medium .2290 .2301 007
5 weak(broad) .2489 .2506 102+103/2
6 weak .3059
7 weak ..3883 .3891 106
8 sharp .6113 .6603 110
9 weak .7345 .7354 , 114
10 vW .8766 .8804 200
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Figure 5.1 Evacuation Curve of Graphite Fluorophosphate
where PFg

1/2 F, approaches unity.
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Dotted line is a single exponential fit to the data.
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Figure 5.3 Comparison of rate of neutral loss between
graphite fluoroborates and fluorophosphates. Stoichio-
metries after 445 and 500 hours of evacuation are:
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Figure 5.3 Notes

It is evident that, compared to the fluorophosphates,

the fluoroborate salts approach vacuum stability more
quickly. Apparently, diffusion of boron trifluoride through
the bulk, probably through the transient formation of the
BoF7~ dimer, is more rapid than PFg diffusion but still slow
compared to the time scale of stage changes. B)F7~ species
as well as PpF;1~ have been observed for simple ionic salts.
The fluorobétate dimers are less stable than the fluoro
phosphate dimers, and this could explain the difference in

diffusion rates. The weaker fluorine bridge-bonding may

manifest in faster diffusion through the salt.

W
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‘Chapter 6
Graphite Fluoroborates and the Structural and Energetic
Roles of BFj3

6.1 Intrqduction: |

As noted in Chapter 5, the conversion of CyPFg through
treatment with excess BF3 occurs with the addition of y(BF3)
to the form CXBF4?y(BF3). In this procéss, if only BF4~ was.
formed in a one on one displacement of PFg, and if the stage
remained the same, Qoids would be left in the Salt,'because
the BF4~ ion has only 2/3 the volume of PFg~. However, BFj,
which is flat and thin, can enter voids between the BF,~ ions.
These two.properties, the size of the anion (BF4f) and the
shape of the neutral (§F3) permit a high coﬁcentration of BFj3
per formula unit volume for the same effective volume as PFg~.
The nature (composition and structure of graphite/BF4/BF3
phases) will be the focus of this chapter. |

The fact that BF3 can fill most of the space not occupied
by BF4~ will be shown through anélysis of stoichiometries
obtained of salts rich in BF3 (second stage) and of salts in
which scme BF3 (but not all) is released during the conversion
to higher stagés. Modelling of the X-ray diffraction behavior
of second and fourth stage graphite fluoroborates will be used
to show that a hard-sphere, clése packing model of BF4~ and

BF3 is in good agreement with the observed X-ray diffraction

. data.
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The simple model of BF3 as an electrostatic spacer
(described in Chapter 5) will be used to explain the ex-
perimental observations of the stoichiometry-stage dependence
of fluoroborate salts Cy4BF4°Y(BF3), when the parameter "y"
varies. The effect of high BF3 and PFg pressure on the stage
of graphite salts will be discussed in terms of this model.
In addition, the effect on stage (and close packing) when the
anion concentration is increased by fluorine oxidation (BFj3 +
1/2 F, + e~ > BF4 ), and y decreased, will also be considered

in those same terms.
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6.2 Experimental
6.21 Tensimetric, gravimetric and X-ray experiments to deter-

mine the composition of graphite fluoroborate salts

under BF3 pressure

A guartz reactor was prepared for in situ X-ray experi-
ments. This permitted gravimetric and tensimetric measure-
ments to be made simultaneously with an X-ray powder diffrac-
tion photograph of the solid. A 1/4" o.d. quartz tube joined
via a graded seal to a stainless stéel tube was attached, with
metal ferrules, to a 1/4" Whitey valve. Two small 100 mesh
stainless steel metal filters and two pieces of coarse TFE
(Zitex, Norton Chemplast) filter paper were placed in the
Swagelock union (see Table 6.4). The quartz tube was drawn
down to an approximately 0.7 mm diameter (< 0.1 mm wall
thickness). The volume of the reactor and vacuum line was
determined tensimetrically by the expansion of helium from a
known volume. The weight of the reactor assembly was recorded
when evacuated and while containing different pressures of
BF3.

Tensimetry revealed the amount of neutral BF; absorbed by
the salt. A correction for the volume occupied by the salt
was applied using its unit cell dimensions, composition and
weight.

| The amount of BF3 taken up by the salt while under
pressure was also ascertained by measuring the weight change

of the reactor. After correcting for the residual weight of
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BF3(g) in the reactor, the difference between the weight of
the evacuated salt and the weight after reaction and venting
to a static vacuum gave the quantity of BFj3 taken up by the
solid. The X-ray powder pattern obtained in situ was thereby
associated with a stoichiometry obtained by two independent
methods: tensimetry and gravimetry. Hence, the stoichiometry

and stage of a non-vacuum stable salt was reliably determined.

6.22 High Pressure, in situ X-ray Experiments

Typically, 0.7 mm quartz capillaries were loaded with =5
mg of the appropriate salt. The capillaries were attached to
a 1/8" to 1/4" Swagelock reduction union with Teflon ferrules
and connected to a Whitey valve. The whole assembly and the
vacuum line were passivated with ClF3 vapor prior to use. The
assembly was directly pressurized to 95 psi; the pressure was
monitored with an Acco (Helicoid, inc.) Monel Bourdon gauge.
X-ray (Cu Ka, Ni filtered) powder photographs were obtained,
with 36-48 hour exposures (without the advantage of rotation
of the capillary in the X-ray beam). The reactions are listed

in Table 6.6.

6.23 Fluorination of Fourth Stage Fluoroborates

Procedures similar to those described in Chapter 5 were
followed. Large (200-300 mg) samples were employed in order
to obtain sufficient weight change for accurate gravimetry.

Previously described stainless steel reactors were used.
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Stoichiometric amounts of fluorine was added to ﬁhe sample.
The reactor was agitated for slightly less than 1 day.

X-ray photography indicated that when stoichiometric amounts
of fluorine were incorporated, second stage salts were formed:

C23.3BF4(BF3)0.39 + 0.4F > C23.3(BF4)1.39
third stage ' second stage

CogBF4(BF3)g.g + 0.5 F > C28(BF4)~n1.6
third stage second stage

In related experiments, in situ X-ray photographs were
obtained in a fluorine atmosphere as described in the section
above (for PFg and BFj3 atmospheres). Much lower fluorine
pressure (< 1 atmosphere) was applied. These in situ photo-
graphs showed second stage formation, from fourth stage

CyBF4-y(BF3) starting material, in all cases.
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6.3 Results and Discussion
6.31 Structural Models for the Graphite Fluoroborates
CxBF4-Y(BF3)

The method used to prepare graphite fluoroborate was
described in detail in Chapter 5. 1In these preparations, BFj3
was condensed on to Cy9PFg in larger excess than that required
for a 1:1 displacement of PFg by BF3. The composition
obtained after several hours of evacuation was roughly CyBFy
1/3BF3, as shown in Table 5.2 (b). As demonstrated in Table
6.1, the intercalant volume for these fluoroborates, and those
of low stage which are BF3 rich, appear to closely match the
volume available in the gallery. The volume available between
the carbon layers was calculated from the unit cell volume,
determined from powder X-ray diffractions, less the volume of
the carbon atoms. The volume of the carbon atoms was evaluat-
ed from the unit cell parameters of graphite. The intercalant
volume (for instance, BF4 - 1/3 BF3), was determined by
assuming that F ligands are the only contributoré to the total
volume. As shown in Table 6.1, two extremes of fluoride ion
volumes were used, 17.2 and 17.8 A3, respectively. These
fluoride ion volumes were obtained from well known crystal-
lographic data on binary fluorides and alkali complex fluoro-
metallantes. In all cases, following Zachariasenl, the
coordinating atom is assumed to occupy negligible space-

simply occupying octahedral and tetrahedral holes.
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Hence, the intercalant volume was determined by multiply-
ing these volumes by the number of fluorine ligands. The
ratiovof the intercalant volume and the available gallery
volume is also listed in Table 6.1. This ratio is a measure
of the relative space filling efficiency of the intercalant.

Table 6.1 clearly demonstrates that in fourth stage
fluoroborate salts the intercalant approaches high space
filling efficiencies. This is also true for second and third
stage BF3 rich salts, such as C,9(BF3)5 g5F and )
C32.7(BF3)2 oF, which will be discussed shortly. In contrast, -
fluorine ligands of PFg~, such as in the salt C3yPFg, fill
much less of the available space.

These observations suggest a structural model for fourth
stage Cj3, 1BF4(BF3)g, 35 and C35 7BF4(BF3), 37, second stage
Czé.gBF4(BF3)1_7 and third stage C35 9BF4(BF3)71, 5 (shown in
Table 6.1). In this model, illustrated in Figure 6.1, the
intercalant is envisioned as a simple closed packed double
‘layer of fluorine ligands between the carbon sheets, since the
close packed arrangement is the most efficient at filling
space.

The effective volume per F ligand of 17 &3 is the volume
per F ligand in a close packed array and therefore includes
.the volume of the close pécking voids. The 100 % space
filling observed in the C4BF,4-y(BF3) adducts therefore is
consistent with the close packing of the F ligands between the

carbon sheets.
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If BF4~ is regarded as a tetrahedral anion composed of
hard sphere ligands, then these ligands can form a close
packed double layer. For such a double layer, for each
fluorine ligand there is one tetrahedral hole (for close
packing which involves many lavers, the number of tetrahedral
holes is twice the number of ligands). Since there are four
fluorine ligands for each tetrahedral anion, 1/4 of the
tetrahedral holes are occupied. For a stoichiometry such as
Cyg8.8BF4(BF3)g, 35, every fourth tetrahedron is replaced by
BFy. Every fourth boron atom must then (on average) occupy a
trigonal position (in the face of the tetrahedron) in the
close packed double layer. 1In second stage Cjg gBF4(BF3)1. 7,
for every 3 tetrahedral there are 5 trigonal borons.

The BF3 rich second stage salts, such as Cpg gBF4(BF3)71 7
provided a convenient means for testing this hypothesis,
because ¢of the reasonable quality of the X-ray diffraction
data available. The indexing of the X-ray powder diffraction
pattern of this salt in shown in Table 6.2. It is noteworthy
that whenever there was excess neutral in these intercalation
salts, the X-ray diffraction patterns appeared sharper and
more highly defined than their counterparts from which much
neutral BF3 had been removed. This effect is probably due to
the close packed F array in the occupied galleries of the
former and the more haphazard placement of anions in the
latter. The haphazard placement of anions probably cause

small variations in layer spacing, thus broadening 002 dif-
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fraction lines to give the diffraction character typical of}
‘poor crystallinity. With neutrals present the galleries |

become completely filled and the carbon sheet - carbon.sheet
Spacing, as a consequence, more uniform.

In a calculated simulation of the second stage salt
C29BF4(BF3)1.7 and fourth stage C30BF4(BF3)g,35, the borons
were placéd in idealized trigonal and tetrahedral interstices.
The fluorine ligands were placed in a closed packed double
‘layer; The carbon atoms were -also placed at idealized »
posiﬁions; the distance between contiguous carbon layers was
the same as that in graphite, 3.35 A. The atomic coordinates
are listed in Table 6.3. |

In the calculation, both layers of the fluorine double
layer were moved simultaneously towards and away from the
center line of the gallery (see Figure 6.1). Hence, a single
parameter, "délta" was varied, the diétahce}of the fluorine
layers from the gallery center divided by ¢, the crystal-
lographic "c“ spacing. - Since the value of the c¢ parameter is
not the same for a second as for a fourth stage salt, the
units of delta are differeht for the two salts. For each
fractional incremeht in delta, a set of 00& diffraction
intensities was calculated. These results are diéplayed in
Figures 6.2 and 6.4. The extreme left of these plots shows
delta at "0"; both fluorine layers are at the gailery center.

The extreme right_hand side shows the fluorine layers at their
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maximum separation. At this point each layer will overlap
with a carbon layer.

Appropriate scattering factors, geometric and thermal
parameters were included in the calculations and are tabulated
in Table 6.3. Values for the thermal parameters chosen were
similar to those used for arsenic fluoride intercalant model-
ling.2 Variation of the thermal parameters for C, B, and F
did not produce significant changes in the 00f% relative inten-
sities. However, some thermal motion of the borons was
required to obtain reasonable intensity ratios.

A comparison to the experimental 002 intensity ordering
was made. Microdensitometer tracings can give gquantitative
intensities of the X-ray diffraction iines in the Debye
Scherrer patterns of second and fourth stage salts; these are
shown in Figures 6.3 and 6.5. The X-ray indexings of these
diffraction patterns are shown in Tables 6.2 and 5.6. Upper
traces shown in the figures are those obtained using higher
gain and show more detail. Dotted lines show diffuse scatter-
ing from the quartz X-ray capilléries (0.3 mm o.d4.). The
amount of diffuse scattering was slightly different for the
two samples probably because of differences in exposure time
and slight attack 6n the quartz by the second stage BF3-rich

salt.

In the second stage salt, I{observed] (001) : (003) =
(004) is approximately 1 : 3 : 0.9. (005), (006) and (002)

are all weak lines and are only faintly visible. Because the
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measurement of sharp (001l) and (003) intensities is more
accurate than that of the diffuse (004) line; the ratio of
these intensities was used to determine the fluorine layer
separation. Figure 6.2 displays the intensity dependence of
fluorine layer distance from the center of the gallery (in
units of delta). When the fluorine layers are 1.11 A away
from the center line of the gallery (delta = 1.11 A/10.85 & =
0.102), the theoretical intensities approximate those ob-

served. I[calculated] (001): (002):(003):(004):(005):{006)=

1 :0.4:3 1.2 :0.07 =z 0.12. An exact determination of
the observed intensities was not possible for (002), (005) and
(006) because of their low intensities and the poor quality of
the Debye Scherrer photographs. Visually, (006) and (002) are
more intense than (005), which is in agreement with calculated
intensities.

The calculated value for the separation between fluorine
layers, 2.22 A, is appropriate for a nearly close-packed
double layer of fluorines. At these fluorine layer heights,
some overla§ or penetration of the fluorine ligands into the
carbon layers is required. The amount of this penetration is
0.39 A. This is determined as follows: The ideal covalent
radius of fluorine is 1.35 A and the carbon layer thickness
(from that of graphite) is 3.35 A/2= 1.675 A. The sum,

3.025 A, represents the case where the fluorine touches the
carbon p layer but does not overlap with}it. The calculated

results show the separation between each fluorine layer is
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2.22 A. Since the ¢ spacing of the second stage salt is 10.85
A, the distance between the center of one carbon layer to
another, in an occupied gallery of a second stage salt, or the
Ic value, is 10.85-3.35= 7.50 & (the distance between carbon
layers which are contiguous is 3.35 A). Hence, in the
calculation the distance from the fluorine layer center to the
carbon layer center is (7.50 - 2.22)/2= 2.64 A. This value is
0.39 A shorter than the 3.025 A value which assumed no overlap
of the fluorine ligands with the carbon n cloud. 0.039 &,
therefore, represents the distance the fluorine ligand
penetrates the w cloud of the carbon laver or nestled in the
Cg rings. Studies by Okino? show a similar effect iﬁ first
stage Cy4AsFg, which possesses a ¢ spacing of 7.6 A and in
which the fluorine atoms on AsFg~ nestle in the Cg rings by
0.2 & (for a fluorine with a covalent radius of 1.35 A).

In the case of the fourth stage salt, I[obs](005):(006)=
4.1 : 1. The other observed 002 reflections are much weaker.
(0011) is faintly visible and is stronger than (0010). The
predicted 001 orderings are shown in Figures 6.4. A fluorine
layer distance at delta = 0.046 (0.82 & away from the center
line of the gallery) yields relative intensities which are in

reasonable agreement with those observed; I[calculated]

(001):(002):(003):(004): (005) : (006)= 0.4 : 0.06 : 0 : 0.0°9
: 3.9 ¢ 1. In the case of very weak diffraction lines, low-
angle diffuse scattering from quartz makes (001), (002) and

(003) slightly less visible than (0011]). The delta value is
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again in agreement with the close packing model proposed. The

predicted fluorine layer separation is 1.64 A, which is
slightly less than the amplitude of the F ligand tetrahedron
in BF4~ which is =1.83 A. The calculated fluorine to carbon
distance is 3.07 A, and is slightly greater than the sum of
the fluorine covalent radius and one half the carbon layer
separation of graphite (3.03 4). |

In each case, data modelling indicates that the fluorine
layers are roughly 2 A apart, which is appropriate for
tetrahedral BF4~ and BF3. Almost certainly, this rules out a
case where thevfluorines are evenly distributed throughout the
gallery in a random and nOn-periodic manner in the "c" direc-k
tion. The presence of dimeric B,F5~ is possible since this
anion can be represented as two tetrahedra sharing an F ligand
common to two BF4 units. Certainly the B atoms could be
placed in tetrahedral holes in the double layer of F ligands
to provide for such units. Superlattice reflectiohs were not
observed, indicative of a lack of ordering in the "a" dire-
ction; however, the scattering power of 30 carbons is much
greater than that of 3 borons atoms so that ordering could
occur and be undetectable with such low quality X-ray dif-
fraction data.

The size of the domain will also affect the relative
iﬁtensities of the (002) reflections. This effect was
examined by allowing a gradual change in the height of the

carbon layers at the end of the domain. A large unit cell
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containing 194 carbon atoms was modelled. The carbon atoms
were placed in a "c¢" axis profile in which 2/3 were planar and
1/3 were linearly varied from full height to the center of the
gallery. Other anions were placed in their regular positions.
As before, the fluorine layer distance was varied above and
below the center line of the gallery. 1In the second stage
salt model, the calculated intensity of (001) was comparable
to that of (003) over a wide range of delta. This eliminates
the possibility of this type of unit cell arrangement. Either
the domains are larger than 300 carbon atoms, or this model is
too simple to mimic the doméin structure reasonably; in either
case, the impact on the observed (00%) orde:ing is too great
to allow this model to be valid. The effect of small varia-
tions of "c¢" spacing on these (00%) lines, as well as varia-
tions in the C-C bond length, were found to be relatively

minor.

6.32.1 Layer stacking in fluoroborate salts

The second and higher stage fluoroborate salts possess
observed I(110):I(100) intensities which are approximately
3:1. In SPl graphite, these intensities are approximately
equal. For the unnestled first stage AsFg~ salts of gra-
phitez, I(100)> I(110). The presence of (100) lines in second
stage salts discounts the possibility of a randomly staggered
arrangement of carbon layers, as in first stage, nestled AsFg~

salts?. The diminishment of (100) for second stage salts,
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however, suggests an arrangement in which some of the carbon

layers are staggered whereas others are in non-registry.

6.32.2 Tensimetric, gravimetric and X-ray experiments to
determine the composition of fluoroborate salt under BFj
pressure

For a given X in CXBF4.y(BF3), the stoichiometries in
Table 6.3 of x =30 show: second stage Cjg gBF4(BF3)1.7, third
stage C,gBF4(BF3)g,g and fourth stage C3qg 1BF4(BF3)g.35. This
indicates that the fourth stage is deficient by 1.35 BF3
compared to the second stage, when x =30.

A determination of the composition of a salt obtained
from the reverse reaction, incorporation of BF3 into fourth
stage CyBF,4-1/3(BF3), was desireable to investigate reversi-
bility. It was indeed possible to reverse fourth stage
fluoroborate salt to second stage by the application of BFj
pressure. However, while loading the X-ray capillary in the
inert atmosphere dry bdx, the éomposition can change, because
the escape of BFj is continuous. For this reason, the
composition of a fourth stage fluoroborate salt subjected to
BF3 pressure was determined in situ, so that this composition'
is truly associated with a particular X-ray diffraction
pattern.

Table 6.4 shows the third stage stoichiometry obtained,
and Table 6.5 its X-ray pattern. By gravimetry, this stoichi-

ometry is C33 7(BF3)) oF and by tensimetry, C3p 7(BF3)p 2F.
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X-ray diffraction under BFj3 pressure shows a ﬁhird stage salt
with a larger unit cell than that obtained from loading salts
in the Argon atmosphere dry box. The enlargement of the unit
cell is a consequence of the greater BF3 content under BFj
pressure, as shown in the next section on high pressure
capillary reaction. When the effect of gallery expansion
(unit cell enlargement under pressure) 1is corrected, the
stoichiometry-stage dependence of the revefse reaction (the
incorporation 6f BF3), agrees with that obtained from the
forward reaction (the loss of BF3). This is also seen from
the space filling efficiencies (> 90 %) of the intercalant.

This demonstrates that the process:

CxBF4 (y + 1/3)BF3 = CyBF4-1/3 (BF3) + y BFj3

where v = 1.2-1.3

is near equilibrium for similar gallery heights of the inter-

calation salts on both sides of the equilibrium.
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6.33 The Role of BF3 in Lattice Energetics

Since in layered materials of the type under study, the
anions are not screened from one another by cations (except
ffom gallery‘to gallery) it is clear that neutral molecules
- interspersed between the anions can appreciably increase the
lattice énergy. Because of the flat geometry of BFj it is
easily intercalated into the small voids left by replacement
of PFg~ by the smaller (= 2/3 volume) BF4~. Indeed the
thinness of the molecule BF3 must also provide for much easier
migration into the graphite galleries than for molecules such
as PFg. In addition the positive fB-atom) cénter of BF3 is
"exposed" to atomé which approach along the threefold axis.
Suéh open exposure of the positive center does not occur in
PFg. It is not surprising then, to find that BF3 has much -
greater impact as a dielectric spacer}molecule than PFg.

Similarly, because of the Smaller dimensions of BF,~ and
BF3 relative to PFg~, higher stages are obtained than for the
Same anibn conéentration of}a-PF6' graphite salt. This' is
shown by thévfourth'stage stoichiométries listed in Table 6.1
and 5.2. The closer anion proximity in_higher stages should
produce‘larger anionic repulsion. BF3 incorporated into the
voids diminishes these repulsions and stabilizes the stage.

Moreover, the oxidation of BF4~-y(BF3), in a graphite
intercalation salt, with Y(1/2)F, demonstrates the importance

of BF4'—BF4' anionic repulsion énd of the dielectric spacers
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(BF3) which diminish these repulsions. As mentioned in the
experimental section, the second stage salts are obtained from
fluorine oxidation of third stage graphite fluoroborates:

Co3 3BF4(BF3)g.36 + 0.4F and C,gBF4(BF3)g,g + = 0.5 F. When
enough fluorine is added to convert y BF3 to y BF4~ in high
stage C4BF4°+Y(BF3) the close packed arrangement of BF4 and y
BF3 will be converted to close packed anions with (1+y) BF4~
per formula unit. The increased anion concentration and the
absence of neutral BF3 renders this stage unstable. The
result is a conversion to a lower stage; this is usually a
change of two stages. The anions in Cyg(BFy)j4+y 1in the lower
stage will no'longer fill the gallery space efficiently, since
the volume available to it has increased, usually by a factor
of two. This is as predicted qualitatively from the reasoning
above.

In addition, as previously noted, a second stage fluoro-
borate salt will release approximately 1.3 BF3 molecules as it
changes from second t¢ fourth stage of similar interlayer
spacings. This conversion appears to be reversible, in which
case the second to fourth conversion is near equilibrium.

This permits an estimation of the enthalpy change associated
with the incorporation of 1.3 BF3 and is described below.

The energetic factors important in stage transformations
are delicately balanced. The energy gained in ordering the
anions and neutrals to higher stages must compensate for the

entropy term in the removal of BF3. Energetic factors which
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Contribute to stages changeé have been reviewed by Saffran.3
Factors which favor high stage may be the increased coulombic
attraction between the more localiéed charge on the carbon
atoms and the neighboring anions, and the energy gained from
the van der Waal's attraction of the greater number of con-
tiguous carbon layers present at higher stages. Bartlett and
Okino?2 have shown from studies on graphite intercalated by
arsenic pentafluorides that the arrangement of anions in one
layer of a first stage salt does not affect the placemént Qf °
anions in'neighboring layers. This somewhat surprising lack
of interlayer interaction is an indication of the diminished
importance of repulsions between anions in néighboring gal-
leries. It is also probable that the delocalization in the.ﬂ
bands is sufficient to prevent a significant accumulation of
charge at different carbon atom sites. The arsenic penta-
fluoride study shows that interlayer terms may be less
important than intralayer anion-anion repulsivé energies.

The energy costs, in the addition of 1.3 BF3 to fourth
stage fluorcborate, are thé entropy loss in condensing 1.3 BFj
(TAS°5gg= 26 kcal mol'l)4 and the energy of éarbon layer
expansion (approximately 5 kcal mol~1)3. The other energetic
costs mentioned above may also come into play. Hence, for the
process to be near equilibrium, the shielding effect of 1.3
'BF3 upon the anion-anion repulsion must increase AH(lattice)

of the second stage salt by at least 31 kcal mol~l.
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6.34 High pressure in situ X-ray experiments with fluorobo-

rate and fluorophosphate salts

In a comparison of the stability of two salts of a given
stage which contain anions of different volumes, such as
Co9PFg and C,9BF,4°Y(BF3), the presence of an electrostatic
spacer in the latter salt has been discussed. The model of
decreased interanionic repulsions in the latter salt, by
virtue of y BF3, can also account for observations of reac-
tions of fluoroborate and fluorophosphate salts under high
pressure of BF3 or PFg.

X-ray diffraction data in Table 6.6 shows that the
formation of graphite fluoroborate, CyBF4-y(BF3) from the dis-
placement of PFg from second stage CyPFg with BFj3, results in
an initial product which is a mixture of first and second
stage salts (this X-ray diffraction was not in situ, which may
explain the mixture of stages). 1In contrast, a fourth stage
fluoroborate salt (C33BF4°Y(BF3)) (formed from a similar dis-
placement of PFg under high pressure of BF3 followed by long
term evacuation), is not transformed to a first stage material
by BF3. 1In this case, the high stage fluoroborate cannot be
converted back into the first stage salt which must be formed
in the initial displacement. This result is shown in Table
6.7.

High pressure PFg acting on fourth stage fluoroborates
will produce a mixture of stages, but again not a first stage

salt. By way of contrast, a second stage graphite hexa-
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fluorophosphate shown in Table 6.7 (C,gPFg) with similar anion
concentration can.be converted into a second and first stage
mixture by treatment with PFg in a high pressure experiment.6
The results show that high pressure phosphorus penta-
fluoride and boron trifluoride can each alter the stage of an
intercalation salt. The difference in their effect on the
stage of CpgBF4°YBF3 (fourth stage) and C,9PFg (second stage)
can be explained by the diminished inter-anionic repulsion of
the first compound. Since the energy required to separate
carbon layers in the conversion of fourth stage to first stage
salt is only slightly more (roughly 3 kcal mol~1l) than that of
the second stage to first stage conversion, the entropy loss
in the process of condensing gaseous molecules into the salt
is the major energy cost in these stage conversions. The
energy needed to change a high stage compound to low stage is
countered by the diminution of the repulsive interactions
between the anions which‘is brought about by neutral screeners
of the anionic repulsions. 1In this case, the repulsive energy
of the fluoroborate salts (CygBF4°Y(BF3)), because of the
original presence of BF3, is not great enough to pay for the
energy costs of stage change all the way to first stage. When
BF3 1s not present, and when the anion concentration is larger
such as 1in second stage Cy4BF4 (a salt which will not releasé
BF3 because all BF3 had been fluorinated in the initial
preparation) a first stage is obtained when a high pressure of

BF3 is applied, as shown by X-ray diffraction in Table 6.8.
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6.35 Anion Repulsion and the 14n Rule for Nestled (smaller
"c" spacing) Fluoroanion Intercalation Compounds.

The effect of anion size and neutrals on the stage and
its composition is displayed in Table 6.9. These systems were
selected because the concentration of neutrals is accurately
known. For the bifluoride salts, coulometry and gravimetry
agree giving the listed stoichiometries with only a small
margin of error. The upper and lower ranges for each stage
are indicated. The hexafluoroarsenate salts were studied to
monitor AsFg as well as AsF3 loss (because of the conversion

3AsFg + 2e” » 2AsFg~ + AsF3); these stoichiometries are
accurate. Compounds in this investigation were carefully
characterized in this respect.
The stoichiometries for the PFg” and AsFg~ salts fit the

"14n" rule for nestled structures as first established by
Okino2. That is, in the measured stoichiometry of higher
stage salts, the carbon atoms are present in a proportion of
approximately 1l4n to each anion, where n is equal to the stage
of the compound. This represents the highest stoichiometry
possible with F ligands of MFg each nestled in a Cg ring of
the graphite (see F.Okino thesis, ref.(2)). The carbon
stoichiometfy in smaller anion systems is greater and, for
anions larger and mofe complex than MFg~, it is less.

As noted earlier, interlayer interactions do not seem to

be important. For a given center to center distance, a larger
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anion may be more repulsive than a smaller one because of the
steeply rising repulsive potential (Figure 6.6). The mutual
repulsions of the fluoroborate anions must, for the same anion
concentration, be less than for the fluorophosphate anion.
Smaller anions can be accommodated to a slightly higher
degree before the stage transformation is required; therefore,
in such cases the observed stoichiometries can be less than 14
carbons for each anion. The stoichiometries of the fluorobor-
ates, because of the small size of BF,~, are similar to those
of the bifluorides. When some boron trifluoride is present,
however, the concentration can increase to as much as C8+. It
seems that only when good dielectric screeners are present,
the 14n rule can be broken since close-packing can be observed
for high stage salts. Close-packing of intercalants of first
stage compounds which do not have neutral intercalants is also
possible7vif sufficient energy is provided by the oxidizing

intercalant.
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Table 6.1 Space Filling Efficiencies in Fluoroborate and
Fluorophosphate Salts

Stage Stoichiometry Volume (a3) Total % Gallery
Formula Ligand Space
Unit Volume Filling
(less carbon (F~ volume) 17.8/17.2
atom volume) 17.8 / 17.2 A3
2 C30PFg 167 107/103 64/62
2 "Cp3 2BF,4" 175 71/69 40/39
2 Cyg . gBF4(BF3)1.7 156 162/157 104/101
3 C32‘7BF4(BF3)1.2 134 135/131 101/98
3 Cp3,3BF4(BF3)g.39 92 92/89 100/97
3 C,gBF4(BF3)q.¢ 115 103/100 90/87
4 C32.7BF4(BF3)0.37 91 91/88 100/96
4 C3O.lBF4(BF3)O.35 87 90/87 103/100

2/3 Cpg,3BF4(BF3)qg,25 139 (2nd)
' 101 (3rd)

2/3 C25.4BF4(BF3)0.28 144 (2nd)
104 (3rd)
e e e e e e e e e e e e e e
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Notes to Table 6.1 . . _

See text for a description of the calculation of
percent space filling. Aﬁ example is C3(,1BF4(BF3)g.35, a
stage 4 salt with a= 2.46 and c= 17.83 A. Vypnit cel11= (aZc)
sin(120j= 93 A3. The unit cell.contains 8 carbon atoms, |
since a fourth stage.selt has four carbon layers per_unit
cell, each’leyer containing two earbon atoms. The velume of
the formula unit Cyy 1BF4(BF3)g.35 is then (30.1/8)93= 350
43. The velume of the carbon atemsbis then eubtraCted from
| the total formula unit volume.i For thevﬁnit_cell offgfaph-
'ite,'whidh centeinsvfourvearbon:atoms,'e=‘2;456 c=6{7'A and |
Veari= (a2c)sin(120)= 35.0 A3; Vearpon= 8.75 A3.
In C3q.1BF4(BF3)g.35, we subtract the carbon atom Volume,
(30.1)(8.75)= 263 &3, from the formula unit volume (350 A3)
to give 87 A3. This is the volume of the formula unit
tabulated in the first column.

As deecribed in the text, the F ligand volume 1is
either 17.2 or 17.8 A3. Thus, for BF4(BF3)g,35, 5.08 F
occupy a volume of 87 or 90 A3. These are the values tabu-
lated in the second colﬁmn;

The ratio_of the F ligand volume to available gallery
volume is a measu:e-of space‘filling effiCiency. This is
tebulated in the last column es‘a spaee filling‘efficiency

percentage; For C3O.IBF4(BF3)Q;35; these are (for 17.2 and

17.8_A3 F volumes, respectively) 87/87= 100 and 90/87= 103 %,
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Table 6.2 X-Ray Diffraction of Second Stage
Graphite Fluoroborate

Second Stage Crg.8BF4(BF3)1 .7 a= 2.46, c= 10.85 A

No. Intensity 1/d2 (obs.) 1/d2%(calc.) Assignmeht
1 med .00835 .0084 001
2 weak shadow .03355 .0336 002
3 weak shadow .06214 --- KB
4 str broad » .07594 .0755 003
5 med | .13643 .1343 004
6 vw shadow .21417 .2100 005
7 weak .22204 .2210 ' 100
8 weak .22882 .2293 101
9 weak broad .25449 .2545 102
10 weak .30617 .3024 006
11 weak broad *,41753 .4116*/.4310 007(105)
12 med .66153 .6629 110
13 weak .67103 .6713 111
14 weak .69617 .6964 112
15 broad .73961 .7384 113
16 vweak .79679 .7972 114
17 vweak .88636 .8838 200
18 vweak .96906 .9650 116
19 vweak 1.0799 1.0745 117

e e e —
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W
Table 6.3 Summary of X-ray Diffraction Simulations

Fourth stage : Theoretical C3gBF4(BF3)g 333
Experimental C30BF4(BF3)0 35

Parameters:

c 17.83 & _
4 6 molecules/unit cell
Number of atoms = 218

Coordinates:

4 Number of Atoms
(1) Carbon 0 45
' .4363 45
.6242 45
.8121 45
(ii) Fluorine .2182 + & 30
(iii) Boron .2007 1 trigonal
.2356 1 trigonal
.2335 3 tetrahedral
.2029 3 tetrahedral

W
Second stage : Theoretical C,gBFy (BF%)l

Experimental C,g gBF4(BF3)71 7
Parameters:
c = 10.85 A
Z = .6 molecules/unit cell

Number of atoms = 244
200 data points

Coordinates:
A Number of Atoms

(i) Carbon 0 87
.6912 87

(ii) Fluorine .3456 + & 54

(iii) Boron .3169 5 trigonal
.3743 5 trigonal
.3205 3 tetrahedral
.3708 3 tetrahedral

—— e e e
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m
Table 6.3 (Cont.) Summary of X-ray Diffraction Simulation

Thermal Parameters:

A2 U1l U22 U12 Uss
C 0.02 0.02. 0.02 0.01
B 0.2 0.2 0.1 0.1
F 0.3 0.3 0.2 0.2

T(anisotropic) = exp[-2rt2(U:|_1»h2a*2 + U22k2b*2 + U3312c*2 +

2U1,hka*p* + 2U73 hla*c® + 2U,3k1b*c™)

Lorentz Polarization:

LP= (1 + c0522e)/((sin28)cose)

Scattering Factors:

Reference: International Tables for X-Ray Crystallography,
Vol.IV, Kynoch Press, 100 (1974).
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Table 6.4 In Situ Gravimetry/Tensimetry/X-Ray

Apparatus:
l_ 1/4"0.d.  quartz—smetal seal
* hitey valve
A~ w
O7mm / (><
capillary N A,

o 4 *

2 TFE filter membranes
100 mesh stainless steel screen

C35.7(BF3)7, 37F (Fourth Stage)

expanded

tensimetry: C35 7(BF3)5 oF (third stage) 100% space filling
A

gravimetry: C3;5 7(BF3)o qoF (third stage) 90% space filling
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Table 6.5 X-Ray Diffraction Data For In Situ/Gravimetry
Tensimetry/X-Ray (from Table 6.1)

Third Stage tensimetry: C35 7(BF3)5 oF
gravimetry: C35 7(BF3)o goF

a= 2.46, c= 14.8 A

No. Intensity 1/d2 (obs.) 1/d2(calc.) Assignment
1 strong .0734 .0735 004
sharp
2 weak .1168 .1149 005
med-broad
3 weak .2193 .2211 100
sharp
4 weak .3785 .3722 009
(gquestionable)
5 medium .6631 .6632 110
sharp

— -
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Table 6.6 Second Stage Fluorophosphate + BFj3
4 Second Stage First Stage
No. Int. 1/42 1/42 Assignment 1/d2 Assignment
(obs.) (calc.) (calc.)
a= 2.45 c=11.31 A a= 2.45 c= 7.62 A
1 vw .0088 .0078 001
2 msharp .0171 .0169 001
3 msharp .0416 *
4 strong .0680 ' .0676 002
broad .0708 .0702 003
.0735
5 VW .1241 .1248 004
6 vw .1363
broad
7 medium .1545 .1548 003
weak
8 weak .1689 *
sharp
9 weak .2095 *
sharp
10 medium .2232 .2211 100 .2209 100
11 weak .2555 .2523 102
broad
12 medium .6619 .6633 110 .6628 110
sharp '
13 sharp .6779 : .6799 111
weak '
14 weak .7328 .7335 113 .7316 112
broad
* likely SiF62' salt from capillary attack
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Table 6.7 In Situ High Pressure Reactions

Reaction

85 psi
a SP1l graphite + BF3 ————— No Reaction

100 psi
b Pyrolitic Coke + BF ———> No Reaction
(Pyrolitic coke is similar to carbon black - small
particle size (< 80 w))

100 psi
€ Cq14BF4 (2nd stage) + BFy —— 2nd (c=11.1 &)
- 1st (e= 7.9 A)
stage mixtures

78 psi 2nd (c= 11.2 A)
A4 Cy4BF4 (2nd stage) + PFg —m> 1st (c= 8.2 &)
stage mixtures
85 psi
e CyPFg (4th stage) + BF; — 3rd and 2nd stage

mixtures

3 hour evacuation
—> 3rd stage
(I = 7.8 - 7.95 A)

(X-ray not in situ)
f CygPFg (2nd stage) + PFg —— 2nd and
_ lst stage mixtures

!
Around I, = 7.9 A, the energy required for further expansion
is less than that required to change stage. This is perhaps
facilitated by neighboring carbon separation effects.
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Notes_tovTable 6.7
| A general structural feature, in the high pressure
reactioﬁé is the appearance of an expanded higher stage (Io=
8.0 &) and a contracted lower stage (Io= 7.6-7.8 A). The
higher stage, prior to changing to lower stage, becomes
saturated with neutrals and to accommodate them expands by
approximately 0.4 A. |

Further éxpansion is energetically unfavorable because
the lattice energy begins to decrease quickly.as the attrac-
tion energy décreases with increased separation of the
positively charged carbon sheets and the negativeiy charged
guests. On the other hand, the spacers have had their maximum
favorable impactf' Further addition of neutral will have
little or no beneficial influence on the anion repulsion
' energy (which of course is unfavorable to the laﬁtice energy) .

In addition, under highvpreSSurés of boron tfifluoride,
no gallery expansion is seen in graphitef Pyrolitic coke, a
graphite with smaller particle size, was also employed because
the small particle size allows for faster diffusion. In this
graphite, X-ray hk: reflections are broader and weaker than in
SP1 (100-200 w) and thé crystallinity and particle size is
much smaller (<20p ) that of carbon black. No change in.the
X-ray pattern was observed under 100 psi BF;3 pressure. This
indicates thét the crystallite size is not the factor which is
kinetically inhibiting the carbon layer expansion, and that

some repulsion between the positively charged carbon layers is
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necessary for intercalation. The presence of anion formation

as well as_neutrals is required to initiate the process.
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Table 6.8 In Situ X-ray Diffraction
(Second sStage) Cj14BF4 + 100 psi BFj
Second Stage First Stage
No. Int. 1/42 - 1742 Assignment 1/42 Assignment
(obs.) (calc.) (calc.)
a= 2.46 c=11.1 A a= 2.46 c= 7.9 A
1 weak .00887 .0080 001
2 med .01605 .0162 001
3 strong .06470 .0650 002
4 med .07057  .0724 003 |
strong ‘
5 med .13011 .1288 004
weak
6 med .14634 | .1462 003
7 med .22244 .2210 - 100 - 100
8 broad .25302 .2532 102 [.2592 004]
: weak
9 sharp .39423 .3943 007
weak
10 sharp .40620 [.4050 005]
weak
11 med .66243 .6629 110 - 110
strong .
12 broad .72426
weak
13 weak .88376 .8840 200 - 200

e
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Table 6.9 Anion Size Influence on the Staging/Composition

Formula
Stage Stoichiometry Equivalent first stage Ref.
Second C1qHF> Cq, gHF) a
C26HF? C13HF)
Third C4oHF> C14HF) a
C5sHED C18HF3
Fourth C7oHF> , _ C1gHF> a
First C14AsFg (average) Cq14AsFg b

[CleSFG - ClSASFG]

Second CogPFg (average) Ci14.5PFg this work

[C22,7PFg -=------ C11.4FFe]

[C3gPFg  —-=---=-- C15PFg] |

Fourth C33.7BF4°(0.4)BF; Cg.1BF4°(0.1)BF;y this work
Third C23.3BF4°(0.4)BF3 C7.8BF4'(0.13)BF3 this work

C,8BF4-(0.6)BF3 Cg,3BF4°(0.2)BF; this work
second  Cyg5.3(BF3)7.39F1.4 Cy1.7BF4 this work
Second + Cpg 4BF4°(0.3)BF3 >C13 this work
third Cyg.3BFy+(0.25)BF;y >C13 this work
mixture

Table 6.8 References

a M. Kawaguchi, M. Lerner, and N. Bartlett, to be published.
Based upon electrochemical charging in 1 M NaF/HF.

b F. Okino and N. Bartlett, to be published
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FOURTH STAGE

Carbon tLayer
Center Yere-

2(DELTA) A
L A

Carbon Layer
Center y >

2(DELTA) L3
A

Fluorine Hard Sphere Packing
(top view) . .
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(side view)
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Figure 6.1 _ . .
Schematic of the Model used for X-ray Intensity Simulations
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Notes to Figure 6.1

Each carbon layer is represented by a solid line. The
shading shows the thickness of each layer, which is 3.35 4,
because the carbon layers are 3.35 A apart in graphite. It is
reasonable to assume the same holds for contiguous carbon
layers in graphite saits.

The gallery is the space between the carbon layers where
the intercalant lies (in this case, BF4  + y BF3). Only the
fluorine atoms of the intercalant are shown since a hard
sphere model is used. The boron atoms were placed at ideal-
ized positions, and their position was not varied. The
distance between the fluorine layers was varied, and the
effect of this variation on the 00f intensities was calcu-
lated, as described in the text. "2(Delta)" is a measure of
the separation between the hard sphere fluorine lavers.
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Figure 6.2 Calculated 001 Intensities as a function of
Fluorine Layer separation : C,9BF4(BF3)71, ¢7
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W
Figure 6.2 Notes

W

(002) intensities were calculated as a function of fluorine
layer separation. Delta is the distance from the gallery
center (I./2) to the center of either fluorine layer. Delta
= 0 corresponds to no separation between the fluorine
layers. The fluorines, in this case, are exactly midway
between the two carbon sheets in the gallery (at IL/2). At
2(Delta)= 220, the fluorine atoms are near maximum separa-
tion. At this point, 2(Delta)= I,.

Each (002) line is plotted as a function of Delta, a
single parameter. The vertical dotted-dash line corresponds
to a reasonable fit with the observed intensities from the
microdensitometer trace of the Debye-Scherrer diffraction
pattern (see Figure 6.3). At this separation, Delta= .102;

the separation between fluorine layers is (2)(.102)10.85 =

2.21 A.
W
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Figure 6.3 MlcrodenSLtometer Tracing of Debye-Scherrer

Photograph : C;9BF4(BF3)1 .67
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2 pages for notes to this figure.
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Figure 6.4 (Continued) Calculated 00% Intensities as a
Function of Fluorine Layer separation : C3gBF4(BF3)0,333
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Notes to Figure 6.4

See Figure 6.2 for a description of this diagram. A fluorine
layer separation of Delta= .046, shown by the dotted-dash
vertical line, gives an ordering of the 00f intensities which
agrees with that observed (see Figure 6.6). For this fourth
stage salt, since c= 17.83 A, the separation between the
fluorine layers is (.046)(2)(17.83)= 1.64 A.
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Size on E (repulsive).

anion.

Electron density on the near side
of the larger ions (r3) will be more repulsive than the

diminution of repulsion on the far size (rj).
is a higher net repulsive energy than for the smaller

The result
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