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COMPOSITIONAL, STRUCTURAL, AND PHYSICAL STUDIES

OF SOME GRAPHITE HEXAFLUOROARSENATES AND THEIR RELATIVES
Fujio Okino

Materials and Molecular Research Division
Lawrence Berkeley Laboraory
and
Department of Chemistry
University of California

Berkeley, California 94720

ABSTRACT
The molar ratio F/As of the vacuum stable graphite intercalation
comﬁounds made Sy the interaction of graphite powder (1) with a large
amount of AsFS, (2) with large amounts of AsFS and FZ’ and (3) with
0,AsF¢, followed by e§acuation, has been established t§ be 6 by chemical
analyses for C, H, N;‘ As, F and O. X-ray absorption spectra in the
arsenic-prg—K—absorptibn-edge region, on>vacuum stable compounds of .the
type (1) indicate that the-Asfg anioﬁ.is the sole guest species. While
the vacuum stable cﬁ;pounds made by route (1) are invafiably mixtures of
first- and secoﬁd-écége phéses, those from route (2) are pure fiést—stage
compouﬁds. Pure  first?stage - compounds can be made by. method (3).
Although repeated ﬁreatment of graphite with AsFS'leads to salts with
higher arsenic coﬁcént than a single treatment does, the failure of AsFyq
alone, to_produce pure first-stage C;Ang salts, is aftributed §o the

lower oxidizing potential of AsFS relative to ASFS/FZ or OZASFﬁ. While



vi
the I -spacings of the compounds of thé type (1) and (2) before
evacuation are ca. (8.00-8.20) + 3.35 (n - 1) & (where n is the stagé),
those of the vacuum stable compounds are ca. 7.60 + 3.35 (n - 1) A.. The
vacuum stable compounds with Ic = 7.6 A are represented by the formula
ClAnASFﬁ’ The observed Ic-spacing (~7.6 R) indicated that the ASFE
anions have three—fold sets of F ligands nestled in cogtiguous three-fold
sets of hexagons of the graphite, the D3d symmetry éf the .Ang ‘thus
requiring a staggering of the enclosing carbon layers, as in g;aphite.
The X-ray diffraction.patterns of the vacuum stable compounds with Ic =
7.6 A have been accounted for by the nestled modelf Iﬁ this model carbon
layers, staggered relative to a nearest neighbor as in graphite, contain
nestled Ang in an ordered, clqsest-packed aséembly coﬁsistent,with the
composition ClhASFb‘ The layers, with the restriction imposed by Ang
nestling, are otherwise randomly stacked. The arrangement of Ang anions
within each graphite gallery has a domain size of ca. 20x20 Az. | The
diffraction patterns of the compdunds with Ic = 8,0 A have also been
simulated successfully. In this model the AsF* species are un-nestled.
The guest speciés are randomly distributed between the carbon atom
sheets, with, 1in this case, all of the cérbon afoms of one sheet
eclipsing those of adjacent sheets. Addition of Ast to a vacuum stable
Ic = 7.6 A material generates an structurally different IC ~ 8.0 A
material. Removal of volatiles reverses the change. - Conductivity
measurements suggest that the specific condﬁctivify of ClAnASF6 is
comparable to that of Cg AsFg (nh = 1-2). Addition of fluoriﬁe to these
compounds leads to a formation of CxAsF6-(l—2)F materials, accompanied by

a drastic decrease in conductivity to that comparable to graphite.



Chapter 1
INTRODUCTION
Graphite/AsFS intercalation compoundsl have aroused much interest

2,3 A central issue, on

because of their high electrical conductivity.
which there has  been much controversy, and which is crucial to any
accounting'of_conductivity and other physical properties, has concerned

the nature of the guest species in the graphite. Although there has been

much effort to elucidate the nature of the guest species based on

3-24

physical measurements, insufficient attention has been given to the

chémical.aspects of the preparations.

X~-ray Arsehic pre—absorption edge studies by Bartlett et a1.25’26
had previously established that the intercalation of graphite by AsFg was
accompanied by electron oxidation of the graphite according to the
equation:

3 AsFg + 2 = 2Ang'+ AsF 4. (1.1)

The impact of this on the preparation of graphite/AsF5 intercalation

'compounds, and thus on their physical properties, has not been fully

appreciated; Little attention has been given to appreciable 1loss of
AsF3, as well as that of Ast, upon evacuation, or upon removal of the'
gases remaining over the AsFS/C reactantse. Because of this it is

probable that most materials described in the literature as “CxAst must

‘be ricﬁer in fluorine than this formula allows for, i.e., the molar ratio

of F/As probably exceeds 5 in most cases.

Falardeau and  his coworkers?’

characterized graphite/AsFq
interéalation compounds by the formula CSnASFS with the Ic—spacings (c-
axis repeat distance) :c = 8,10 + 3.35 (n = 1) A, where n is the stage,

by wusing X-ray diffraction, gravimetry, and the c-axis thickness
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measurements on HOPG intercalated samples. This charaéterization, which
reasonably fits most of the observed data, has been generaliy accéﬁted.
But it should be noticed that subsequent compositional characterization

has usually been made in the same way employed by Falardeau et al., i.e.,

by measuring the weight of a sample, assuming its weight change is solelyb

attributable to the uptake or loss of AsFg. Consequently the compounds
are almost invariably described as "CxAsFS", and the further discussions

of the properties, e.g., nuclear magnetic resonance,’&—7 electron spin

3,10-15 magnetic susceptibility,b’g’16 X-ray

18,21,22

resonancg,7_9 conductivity,

17,18

photoelectron = spectra, optical reflectance,

19,20 structure,28 etc., of the compounds are made based on

quantum
oscillations,
this formulation. Eﬁen when the allowance of conversion of A5F5 into
Ang and AsF3 is made, the overall compositi§n of the compound has
usually been fixed to_"CxAst", (i.e., AsF3 gas was assumed not to leave
the product). A point has now been reached at which the controversy,
concerning the magnitude of the ©positive charge :borne by the

carbon,17’18’29

and_ interpretation of physical measurements, makes it
1mperétive that the 'chémical composition of the _foAsFS" products be
precisely specified; | ‘

In some cases,'it hasvbeen observed that the IC—Spacing of freshly
ﬁéde JCxAsFS" samples decreases as mﬁch as 0.5 A when evacuated.“’16
The decrease was accompanied by the changes in the physical properties of
the sample. Such residua; compounds have been described as "CyAsFS"
where y 1is larger than x. Although such changes in Ic-spacing and the
physical behavior could have been a consequence of different arrangements

of the same intercalant species, it” seemed more likely that the changes

might be associated with differences in the chemistry. We have addressed

v



this p:qblem.

In a study by Pentenrieder and Boehm3o, chemical anlyses on F and As
on "CxAsFS" samples have been made. They found that the F/As molar ratio
was invariably slightly higher than 5. 'Although they recognized the
poésiblity of the 1loss of AsF3, they argued that it was very small
becauée_of the closeness of their F/As ratio to 5. Consequently they did
allow for the existence of some Ang within the graphite 'galleries.
Nevertheiess they represented vthat those samples wére eséentially
"CxAsFS", and even allowed that the F/As molar ratio being slightly
higher than 5, could be explained by fluorination of carbon atoms on the
periphery of carbon layers.

‘Chapter 2 addresses ;he chemical compositions of the vacuum stable
products derived from the interactions of graphite with AsFg, with
AsFg/F,, and with O0,AsFg. The findings show that AsF; salts are
genératedvby each of the above routes and that the solids so prepared are
indistinguishable from one another. The AsFS/FZ and 02AsF6 oxidants,
h;wever, yield, in the oxidation limiﬁ, salts pontaining more Ang than
those derivable ffomiAst alone. Also described in Chapter 2 are the
results of X—tay pre~absorption-edge studies on the wvacuum stable
compoundé derived from the interaction of graphite with AsFg. These
studies support the identification of the guest species as Ang. |

In Chapter 3 nerl structures for first-stage C;,AsF, and CxAsFy
(8 x < 14, 5 <y < 6) are proposed. The vacuum stable first-stage salt
of composition C14AsF6; and its higher stage relatives ClAnASFb’ are
properly identified for the first time. A novel structure accounts for

the small value of the Ic-spaéings (~7.6 A). The graphite stages richer

in arsenic fluoridg guests have large I.-spacings (ca. 8.0-8.20 &) and a
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structure which involves greater disorder in the placement of the Ast
species. The Ic = 8.0 A materials also differ from the I, = 7.6 A salts
in having a different relative arrangement of the carbon atom sheets.

In Chapter 4 the structural model for C;,AsF; is mathematically
elaborated. Domains of Ang arrangement within the graphite gallery is
included in the model, and the domain size is estimated.

In Chapter 5 some reactions of Ci4nAsFg and the - conductivity
measurements on the relafed materials are described. Addition of neutral
species to Ic = 7.6 A materials reversibly produces structurally
different I, = 8.0 A materials; Fluorine uptéke by CsnAsfS and Cy, AsFg
is associated with a drastic decrease in their conductivitieé. The
compositions associated with such low conductivities are of the form

CXASFb. ( l-Z)Fo

<



Chapter 2
- COMPOSITIONS OF GRAPHITE + AsFg, + ASFS/FZ’ AND + O,AsF
REACTION PRODUCTS AND THEIR RELATIONSHIP TO THE 1 .-SPACING

2.1 Experimental

2.1.1 Apparatus

Most preparations were carried out in a stainless steel cell made by
drilling a 5/16" diameter chamber in a 3" length of 3/8" diameter rod.
This was attached via Swagelock fittingé to a stainless steel Whitey IKS4
valve. A small TFE Filter Membrane (Chemplast, Inc.) was placed between
the valve and the cell to avoid the loss of graphite powder when it was
evacuated. Some reactions were carried out in quartz or FEP (Chemplast,
Inc.) tubes. All Qf the solid materials were handled in the dry
atmdsphere of a Vacuum Atmospheres Corporation Drilab. Volatiles were
manipulated with a Monel metal and.stainless steel vacuum line provided
with Autoclave_Enéineering’30VM-6071 valves.
2.1;2  Reagents

Two kinds of graphite were used: Union Carbide SP-1 graphite powder
and Union Carbide highly oriented pyrolytic graphite (HOPG). The lagter
was used for arsenic X-ray pre—absorption—edge studies, and the former
for all other reactions. The graphite was pre-treated by heatihg itvto
1500° in a .dynami'ci vaéﬁum and was then exposed to f]‘.uori'ne gas (~500
torr) at ~20° Flubrine was used as 6btained from‘Matheson Gas Co.
Inc.. Arsenic pentafluoride was either supplied by Ozark-Mahoning or
prepared by the interaction of elemental arsenic (Allied Chemical
Corporation) with excess F, at ~200°,. It was purified by vacuum
distillation from a trap at -78° to one at -196°, followed by evacuation

at -126°, and was checked for purity by infrared spectroscopy.



‘Dioxygenyl hexafluoroarsenate was prepared by a standard procedure.31

2.1.3 Instrumentation

Infrared spectra were recorded with a Perkin-Elmer Model 597
spectrometer over the range 200-4000 cm !. The cell was of:Ménel'metal
and had a 10 cm path length. It was silver plated to prevent interaction
with the silver chloride windows, which were sealed to the body by Teflon
gaskets. The silver chloride windows were cut from 1 mm thick sheet
(Harshaw Chemical Company). Axéide arm to the cell prévided for the
condensation of volatiles. X-ray powder diffraction patterns were
obtained using a General Electric Co. Precision Camefa (circﬁmference 45
cm), using Ni filtered Cu-Ku radiation. Powdered samples were loaded
into 0.3, 0.5, or 0.7 mm diameter thin~walled (1/100 mm). quartz
capillaries (Charles Suppér. Company, Inc.) in the Drilab. Two
microdensitometers of Dobson type32 were - used .to determine line
intensities. X-ray diffraction patterns of intercalated HOPG samples
were recorded with a Phillips diffractometer equipped with a graphite
monochromator (Cu-l(.m1 radiation). The leak-tight sample holder33
protected exposure of the water-sensitive materials to atmosﬁheric
moisture. X-ray arsenic pre-absorption—-edge spectra were obtained
utilizing the high intensity X-ray source at the Stanford Linear
Accelerator Synchrotron Facility. Samples were housedl in air-tight

Teflon—-gasketed containers provided with thin-Teflon—sheet windows.

2.1.4 Chemical Analyses

Routine CHN analyses were performed on all samples ‘by the
Microanalytic Laboratory in the College of Chemistry, University of
California, Berkeley. Some samples were fully analyzed by Galbraith

Laboratories, Inc. (P.O. BOX 4187-Knoxville, Tennessee, 37921); C, H, N,
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As, F, and O analyses being carried out.

2.1.5 General Procedures

For each reaction ~100 mg (~8 mmol) of graphife, characterized by X-
ray diffraction, was used. In terms of gravimetry, a larger amount of
graphite was preferred, but it was found, in the course of the study,
that, if the sample size much exceeded 100 mg, it was difficult to
maintain the efficient mixing .;f the solid and gaseous reactants,
necessary for product homogeneity. A major practical difficulty was
caused by thé gross expansion of the graphite (along the c-axis). Gas-
tight plugs of the solid thus formed in the reactor. The space provision
and mechanical agitation had to be arranged to prevent the formation of
such plugs. To ensure homogeneity, a cell containing a sample was shaken
mechanically during reaction and evacuation whenever poséible.

Inhomogeneity of the products was detected by the differences in Ic—

[H]

spacing (A1 0.2-0.3 A in some cases) and the differences in carbon
c .

R

content (ACZ 5 %) from different parts of the same sample. Another
indication of such inhomogeneity was the sporadic appearence of AsF5 gas
in the volatiles when the product was evacuated (see Section 2.2.1). In
such caseé, solid plugs of product were invariably found in the reactor,
the solid below the plug giving a different X-ray powder photograph from
that above i;. | .
In all cases the products of reaction were subjected to a dynamic
vacuum for 0-500‘hours at room temperature. Volatiles were trappéd at.
-196° and were examined by infrared spectroscopy. During the evacuatioh

the reactor was constantly agitated whenever possible to ensure the

homogeneity of the sample.



‘2.2 Interaction of Graphite with Gaseous AsFg

2.2.1 Single treatment with AsFg

Graphite was transferred into the cell (pre-weighed after
evacuation) in the Drilab. Weighing the cell after evacuation . of
nitrogen (dry atmosphere) determined the amount of graphite. 1AsF5 was
condensed on to the graphite at =-196° through the vacuum line. The cell
was weighed again to determine the amount of transferréd ‘AsFS. By
" applying the ideal gas law, tensimetry (from the measured pressure and
the known system volume) provided a rough .esﬁimate of the amount of
ASFS' - Whenever AsF5 waé transferred from the cylinder to the wvacuum

line, an appreciable pressure drop (e.ge.; from 700 torr to 650 torr) was

observed over a period of a few seconds, after which the pressure became |

constant. Such a pressure decreasevwas ﬁot observed with SOZCEF, PFS
etce. This readf absorption of AsF5 by the inner walls of the vacuum line
is probably assoéiated with the coﬁbination of strong oxidizer and aéid
properties leading to metal hexafluﬁroarsenate (eege Ni(AsFé)z). The

mixture in the small volume cell was warmed to room temperature and was

shaken mechanically overnight. Volatiles were removed from the sample in

a dynamic vacuum ﬁt ~25° and were monitored repeatedly by IR.

Initial Qolatiles consisted of mainly AsFg, and a little AsFi.
After several minutes of evacuation, AsF3 became the only observable
volatile by IR (see Figure 2.1). A typical weight loss curve represented
by carbon content increase is given in Figure 2.2. Small concentrﬁtions
of AsFg, which must occur in the volatiles from CxASF5+6 that has already
been subjected to a dynamic vacuum for several minutes, were probably
absorbed by the vacuum 1line. The evolution of volatiles, and the

associated Ic-spacing decrease, was very slow (see Figure 2.3).



2.2.2 Repeated Treatment with AsFg

In some experiﬁents graphite was repeatedly treated with Ast; In
the initial cycle an excess of AsFg (molar ratio C/AsF5 < 8) was used and
the reaqtion was run in the same way as described above. After overnight
reaction, the remaining gases were remﬁved and the sample was exposed to
a dynamic vacuum overnighte. In the second and the later cycles, a
relatively large‘amount of AsFg was used (molar ratio C/ASFS ~ 8). Each
overnight reaction with AsF5 was fpllowed by an overnight evacuation in a
dynamic vacuum, and the cycle was repeated 4-8 times.

The_vo;atiles from the sample in the first cycle were, of course,
the same as those discussed above. In the second and later cycles, after
the removal of the non-intercalgted gases (which contained some AsF, and
large amoun; of AsF5), only AsF3 was observed in the volatiles. After
the 3rd - 4th cycles, the ampunt of AsF3 became very small, and the
gravimetry also indicated that the sample‘was not taking up appreciable
émounts of AsFg at the end of each cycle (i.e. after e?acuation).\ With
larggr graphite samples (~200 mg), AsFg was sometimes observed even after
the removal of the initial volatiles. This is probably due to the
inhomogeneity of the samples. Further evacuation after the last cycle
saw a élow evolution of‘AsFB and the usual associated decrease in Ic-
spacing (gee Figure 2.3).

2.3 Interaction of Graphite with Gaseous AsF: and F,

The interaction of graphite with AsFg and F, was carried out in a
éimilar manner to preparations with AsFS alone. Large amounts of AsF5
and F, (molar ratios AsFg : F, : C = (>1) : (Dl) : 8) were condensed
consecutively on to the graphite at -196° and the cell was warmed up to

- room temperature. In this way interaction of Ast alone with graphite
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was avoided. The difference in results between of this type and of the
interaction of graphite with AsF5 followed by the addition of F, is

“speculative. The molar ratio F/As of the latter type itself is currently

of interest and may or may not depend on the stage (see Chapter
5).“’12’18’30’34-36 In this chapter the molar ratio As:F of
graphite/AsFS/Fz interaction is strictly limited to that of the vacuum
stable sample »obtained by the simultaneous reaction of graphite with
excess amounts of AsF5 and FZ’ followed by evacuation.

After ﬁhe initial removal of remaining gases, which contained AsFgq
and Fy, no IR acti;e gas was found in the volatiles in the later
evacuation, éxcept occasional traces of CF, and SiF,. When they were
observed at all, it seemed that CFA was observed at the earlier stage of
evacuation. This can be due to the difference in size of the
molecules. The Ic—spacing of the samples usually décréased ca. 0.2-0.4 A
from initial value of ~8.0 A dgring- the few days of the evacuation
pgocess_(sée Figure 2.3). The carbon content of the samples increased
from ~40 % to ~45 Z. This increase was attributable to the loss.of'Ast,
CF4, SiFQ, and possibly eveh FZ‘ When small in‘amount, AsF5 Vould not be
observed, since it would ha?e béen absorbed by the inner wall-surfaces of
the vacuum line.

N

2.4 Interaction of Graphite with Solid 07AsF637

\After the initial removal of remaining gases over the sample of this
type, the behavior of the sample during evacuation with respect to the
volatiles, weight loss, and the Ic-spacing decrease was similar to that v
observed for graphite/AsFg/F, system. Except, when the amount of 0,AsFg
was small (C/OzAst > ~14), the 1.-spacing of the samples was émaller

(cae 7.6 + 3.35(n - 1) A) even before the evacuation, than in the AsFg or
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AsFS/Fz preparations (see Figure 2.4)., Further pumping did not cause the
Ic-spacing to decrease. A small weight. loss, however, was usually
observed. (See 5.2.5 for the reaction of graphite with 02AsF6 in
SOZCZF.)

2.4.1 Direct mixing at room temperature with molar ratio

C/0,AsF, > 14

Both graphite and 02A3F6 were transferred éo"the cell in the

Drilab. After removing nitrogen from the<system by evacuation, the cell,

which contained graphite and 02A5F6,_as the mixed solids, was subjected
to violent mechanical vibration at room- temperature. An FEP tube was
preferred, 'because of 1its elasticity, which wmade the mixing more

efficient, and because of 1its transparency, which provided for a

'monitoring of the extent of reaction. The reactions were run l-16 days

depending on> the relative amounts of graphite and 02AsF6,, and on the
efficiency of their mixing. After ;he- reaction the evolved gas was
remerd. No: infrared active gases ‘weré; present in it, and a clear
mercury surface was not clouded by it, i.e., neither FZ nor 03 was
present. The aﬁount éf evolved gas corresponded well to that of oxygen
produced accofding ﬁo the reaétion
x C + 0,AsF +. ch§f6 * 0, . (2.1)
The gases over the sample after the reaction apparently contained 0,

and small traces of CF, and SiF,, but no AsFS'was'observed.

2.4.2 Direct mixing at room temperature with molar ratio

© C/0,AsF, < 14

When 0,AsF¢ in excess of a-molar  ‘ratio (C/0,AsF¢ < ~14) was used,
some 0,AsF, remained unreacted. To ‘remové: it, the mixture was subjegted

to a dynamic vacuum at ~60° for l-4 <dayg. :Evacuation at room temperature



12
was not effective in removing remaining O,AsFg.

The gases over the product before the evacuation of 0oAsF, at 60°
were essentially the same as the previous case, i.e.,v no AsF5 was
observed. The reaction was apparently initiated by the direct solid-.
solid contact between carbon and O,AsF¢. The independent decomposition
of 0,AsFy evidently was not a part of thé mechanism of the reaction.

2.4.3 At an elevated temperature

Some of the graphité/OZAsF6 reactions were run by keeping the solid
mixture at ~120° for 1-6 days. Under those circumstances residual 0,AsF¢
was not observed, even when an excess amount of 0,AsF¢ was used, i.e.,
0,AsFg decomposes to 0,, F,, and ASFS at ~120°.

When the amount of 02AsF6 used was in excess of the ratio C/OZAsF6 <
14, Ast.was observed in the remaining gases.

Some oxygen from 02AsF6 may have entered the. graphite gallery,
probably as oxide. | Although the chemical analyses on these samples
indicated the presence of oxygen, this might have been caused by the
hydrolysis of the compound by the moisture in the air. Such hydrolysis
was definitely observed from time to time for some of the graphite/AsF5
and graphite/AsFS/Fz productse. ﬁhen oxygen was detected in a significant
amount, the sum of C, H, N, As, F, and O weight—-percentages usually
deviated from 100 % grossly.

2.4.4 By thermal decomposition of O,AsF,

In some of the reactions, graphite and OzAsF6 were placed separately
in an inverted-Y-shaped cell. One end containing OzAsF6 was kept at
~130° and anothér containing graphite at room temperature for 1l-l4
days. This type of reaction, after all, may be the same as the reaction

xC + AsFg + 1/2 F, » CxAsF6 (2.2)
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with the presence of'oxygen. .An "advantage” to C/AsFS/Fz interaction is
that the molar ratio F/As in the reaction system was exactly 6.

As was the case with the previous reaction in Section 2.4.3, AsF5

was observed in the remaining gases when excess 0,AsF, was employed.

2.5 Samyles for Synchrofron Radiation Studies

Three samples were prepared for X~-ray arsenic pre-absorption-edge
studies using HOPG chips of ~0.l mm thickness. -Two of them were treated
with AsF5 once (one with molar ratio C : Ast of 1 : 4 and the other of
1:8) and the third was treated with AsF5 five times, each treatment being
followed by evacuation in a dynamic vacuume. The procedures were the same
as those described in Section 2.2.2. All of the solids were exposed to a
dynamic vacuum for ~20 hours.r In the case of the third sample this

followed the fifth treatment with AsFS.

2.6 Results and Discﬁssioﬁ

The infrared spectra of the volatiles from thé product-made by the
interaction of graphite with Ast, together with those of pure AsFg and
AsF3 gases are shown in Figure 2.1. Figqre 2.2 illustrates a typical
weight loss curve for a sample intercalated by AsFg losing volatiles in a
dynamic vacuum. Loss in weight représents carbon content incfease; This
was followed by gravimetrye. Infrared spectra of the volatiles seldom
revealed carbon fluorides. The assumptidn was therefore made that,
during evacuation, no carbon containing gases were lost. This was
supported by the combination of gravimetry and chemical analyses.

The possibility, that AsF3 was observed as a product of reduction of
AsFg by the vacuum line or the IR cell_after it had left the product, was
ruled out by blank experiments. Spectroscopically pure AsF5 was

transferrable from an empty reaction cell to the IR cell and AsFj was not
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detected. The gas appeared to be pure ASFS. The transfer of AsFg,
however, was not quantitative. When the amount of AsFS was very small,
no infrared spectrum was observed after the supposed transfer. This is
presumed to afise by absorption of the acid fluoride by the metal
vfluorides of the vacuum line system (see Section 2.2.1).

The composition after the initial removal of the gases over the
product was usually C8-lOASF5+<S which correspoqu to a carbon content of’
~40 Z; Co.mpounds, made in this way have been usually reported as

OASF5.1,4,9,34,35,38 But the F/As ratio must be_larger than 5, since

€
loss of AsFj has occurred. Even if a sample has never left an AsFgq
atmosphere after the reaction, its composition must be. expressed by
CxASF5+<S’ since some AsF3, produce;i according to .equation (l.1), can
enter the gas (or condensed) Asfs phase. Such loss, however, is usually
smail, as the anaiytical data by Pen}:enrieder and Boehm indicate.Bo-

In this work, the point at which AéFs disappeared from the volatiles
seemed tov depend upoh the amount of the sampvle and the effectiveness of
the stirring of the contents of the cell during evacuation. The gross
swelling of the graphite which occufs as a consequence of intercalation
causes impenetratable plugs to form in "long” samples. It took much
experimentation to find a design which affofded homogeneous materials.
With such preparations, usually, after several minutes of evacuation,
AsFg was not observed in the infra_\:ed spectrum. After 200 hours of
evacuation the carbon conteﬁt of the particular sample, illustrated in
Figure 2.2, became 55 %, which, assuming the .remaining guest species is
Ang, corresponds to C_)gAsFg. The carbon content after 200 hours of

pumping was confirmed by CHN analyses (55.2 Z%). The amount of AsFj,

attributable to the weight lost after AsF5 had become unobservable by
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infrared spectfum, sometimes exceeded that allowed according to Equation
(l.1). As was pqinted out in Section 2.2.1, absorption of AsFg by the
inner walls of the vacuum line was 1likely to be the cause of this.
Nevertheless, it was evident that AsFS was the major volatile only in the

earlier stage of evacuation.

The ready loss of AsFS stands in marked contrast to the very slow

removal of AsF;, and calls for comment. Imagine AsFg and AsFj each

surrounded by AsF;. The AsF: can form As,F7, with AsF_ 39
6 5 2711 6

and AsFg can
thereby‘be ggnerated in a new location without much translational motion
of As. On the other hand AsFj3 is unlike;y to have such a mechanism. A
ﬁurrowing'of the AsF5 molecule through the Ang medium is more likely to
be necessary in this instance.

Since neithér the ratio of'-AsFS:AsF3 nor their quantities lost
during the evacuation process can be accurateiy determined by gravimetry
alone, chemical analyses (C, H, N, As, F, and 0) werevcarried out on the
vacuum stable products. As was mentioned in Chapter 1, although chgmical
analyses on a'freshly made sample would be useful, tﬁe instability of
such samples, with respect to the loss of gases, made sgcﬁ analytical
work difficult and of dubious value. For definiiive analyses, vacuum
stable samples were necessary; The results are shown. in Table 2.1. It
shows that interaction of graphite with AsF5 alone, indeed, is an
effective route to the production of C AsF, salts, so long as care is
taken to remove the volatiles completely.. Although repeated treatment of
graphite with AsF5 leads to compounds richer in Ang, the products of
graphite/AsF5 interaction were alwgys mixtures of first— and second—stage

phases, i.e., the oxidation pbtential of AsF5 according to Equation (l.1)

is' not high enough to produce a first-stage salt (see below). After
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several cycles the firsg-stage phase was in much greater concentration
than the second, whereas the reverse was true for one cycle.

X-ray pre—absorption—edge spectra on HOPG sample§ also supported the
formation of CxAsF6 sdalts by graphité/Ast interaction. In the earlier
studies it was found that, when the samples were not evacuated after the
reaction of graphite with AsFS, two absorption peaks which cofresponded
well ;o Ang_and AsF, were observed.zs’26 The same observation was made
in the recent work, when igraphite was sealed into capillaries with
AsFg. In the bresént work all three samples were evacuated for ~20
hours after the reaction. They showed essentially the same results (see
Figure 2.5),. and had oﬁe peak which corresponds to that of Ang as in
KAsF . This is not totally in accordance with the results mentioned
above on the volatiles, i.e., even after 20 hours of evacuation some AsF3
was observed in the volatiles from the samples made from graphite
powder. The thinness of the samples used for the synchrotron studies
could result in much more rapid loss of volatiles than in the case of the
SP;l samples. |

It has been reported that, when “CxAsFS" was evacuated, the Ic—
spaﬁing decreased drastically (as much as ~0.5 A),l7 although the process
was relatively slow. The nature of this decrease in Ic-spacing has
neither been adequately accounted for nor fully investigated.14 As is
shown in Figure 2.3, the present study shows that the Ic-spacings of
second-stage phases more readily decreased than those of first-étage
phases. The reasod can be that the access which the guest species have
to host edges is greater for the second-stage than for the first-stage,
and that loss of AsFq is thus more efficient in the second-stage.

Another observation on the behavior of the decrease in Ic—spacing
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suggests that, though tenuous, the Ic-spacing( of samples treated
repeatedly by Ast decreases faster than for those treated once. This is
probably because most of AsF; has been washed out in the process of
cycling. As has alréady been remarked, AsFS leaves graphite much more
effectively than AsFq. \

One of the major difficulties in characterizing the graphite
intercalation compounds of this system, especially in utiliziﬁg X-ray
diffraction analyses, was that pure one-phase (stage) compounds were hard
to_oBtain. |

"In order to find a more effective way to obtain CxASFb salts, and
possibly pure first-stage compounds, reaction of graphite with AsFg/F,
was carried out. In this study excess of AsF5 and F, were always used.
The results in Table 2.1 show that a pure first-stage C AsF, salt was
produced by this route. For the lower stage compbunds, the ratio F/As
may.exceed.é, although discussion of this should await the definitive
chemicai analyses on vacuum—stable compounds.

Figﬁre 2.3 clearly iﬁdicates that the Ic—spacing decrease in these
samples 1is very rapidvcompared_with that in those made from graphite and
AsFg alone. No AsFj was observed in the volatiles during the evacuation.
process; and this absence of AsF3 in the éalleries is probably the reason
for the rapid decrease of Ic-spacing. This 1is, of course,‘because the
formation of C,AsF, salt has occured according to Equation (2.2).
Gradual loss of CFA, SiFA (seldom seen in the intercalation by AsF5
alone), Ast, etc. seems to Be the cause of the decrease in both IC—
spécing and weight. It is not clear whether the quick decrease is a
consequence_of the readiﬁess of CFA, SiFa, and AsF5 dgparture, or small

quantities of CF,, SiF,, and AsFg5 involved. Perhaps both factors apply.
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Although OZASFb was reported to react with graphite in sozczF as a
solvent to produce a first—stage salt characterized as CsAsF6,25’26’35’37
it was found in this study that such compounds contain a large amount of
SO,CLF (ca. C;,AsF +l/§0,CLF, see Chapter 5).

In order to circumvent the compleiity caused by the involvement of
SOZCIF in characterizing those compounds, attempts to make CxAsF6 salts
by direct reactions of graphite with OzAsF6 were made. It was found that
the reactions were slow even when the two solids were mixed well by
mechanical agitation, but that it wés possible to make pure first-stage
compounds. | Separation of the product from OZAst.at the end of the
reaction necessitated several kinds of experiment.- The results of
chemical'énalyses,on.these compounds aré summarized in Table 2.1. They
show thét CxASF6 salts were formed. The amounts of oxygen found in these
compounds, compared with those found in graphite/AsF5 and
graphite/AsFS/Fz systems, suggest that there has been essentially no
envolvement of oxygen from 0,AsF.. |

Whgn the amount of 02AsF6 used for.the reaction was small, the Ic-
spacing of the product was already minimal and the fgrther evacuation did
not bring about further Ic—spacing decrease. When the amount of 0,AsFg
was large, small decrease in Ic—spacing of the sample was observed. This
is probably caused‘by the loss of AsFS, CFA, SiFa,.O2 etces Instead of
plotting Ic-spacing against pumping time, it was plotted against the
composition, i.e., against x in CxAsF6. In most of the cases X was
‘calculated based on carbon analyses assuming the rest of the sample
consisted of Ang. Such plots are shown in Figure 2.4. Three samples
fully analyzed by Galbraith Lab. Inc. are indicated by filled circles.

Arrows in the figure indicate materials which were mixtures of first- and
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second-stage phases. For such.materials the pure first- and second-stage
phases, respectively, in each sample must have smaller and larger
values. Neyertheless, even with those wuncertainties, the Figure 2.4
indicetes very clear trends: (1) second-stage phases always have a very
small Ic—spacing »(~10.9 R), (2) first-stage phases have a small Ic—
spacing value (?7.6 A); when x is larger than ~14, (3) first-stage phases
with x smaller than ~14 have larger Ic-spacing (cas 7.6-8.0 A), (4) the
iimi; of x in CxAsF6 could be ~10, (5) although not fully revealed in the
figure,_the composition of pure second-stage compounds is ca. C28AsF6.

‘These observations suggest that the vacuum stable C,AsF, salts have
a composition C,, AsF, with Ic-spacing of I, = 7.6 + 3.35 (n - 1) A.
Some discrepancies in Figure 2.4 can be explained by inhomogeneity in_the
samples, e.g., even though the composition of the first-stage phase is
C<14AsF6, there may be a small domain of second-stege, and the sample may
be meta-stable with.repectvto the conversion toward a mixture of two
phases with smaller Ic-spacings, when the overall composition of the
sample -allows it, i.e., C>14AsF6 (overall).

.Attainability of pure first—stage salts by AsF5/F2 or by 0,AsFg in
contrast ﬁo the mixtures of first- and second-stage phases obtained by
AsFg alone raises the wmatter of the oxidizing power of the
intercalants. Dividing Equation (l.1l) by 2 we have

3/2 AsFg(g) + e (g) + AsFg(g) + lpAsFa(g) (2.3)
The free energy change of Equation (2.3) is estimated to be =-124
(kcal/mole-e_),al. The lattice energy of 09AsFg can be estimated to be
135 (kcal/mole) and the free energy changes of Equations (2.4) and (2.5),
respectively, to be —-170 and -155 (kcal/mole).41’42

AsFs(g) + lLhFy(g) + e7(g) » AsFg(g) (2.4)



0,4sF(c)

+
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AsFg(g)
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(2.5)
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Table 2.1l. Analytical data* and Ic—spacings (R) for the vacuum-stable solid products obtained from

(a) graphité +AsFq; (b) graphite + 0,AsF¢; and (c) graphite + AsFg + F,.

Reactants Initial reaction Ic ‘Weight percentages Composition
stoichiometry and conditions (R) C H S N As F 0 C+As+F

(a) C+ASF5: C:ASFS':“.():I ‘ 7.b4 56012 0.70 <0.001 170 26 260 30 <005 99068 C20-28ASF6-01
Six cycles of treatment : :
of graphite with 7.84 50.15 0.05 0.003 19.63 29.79 —=  99.57 C15 94ASF5.98
large excess of AsF5

(b) C+A9F5+F2: C:AsF5:F2=4:l:l 7.71° 45,09 0.094 0.01 21,56 32.85 <0.5 99.50 Cl3.05ASF6.01
C:0,A8F=5.5:1 | |
followed by evacuation 7.56 51.79 <0.01 0.001 19.05 28.98 <0.3 99.82 Cl6.96ASF6.OO
at ~60°
C:02A8F6=6o8:l 7075 43.42 0011 00001 22.23 33.78 <0-5 ) 99.43 C12.81A5F5.99

0,AsF¢ decomposed at ~140°

* Analytical data (from samples sealed in dry Pyrex capsules) were determined by Galbraith Laboratories, Inc.
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Figure 2.1.
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Infrared spectra of AsFg(g), AsF3(g) and volatiles from

C,AsFg: (A) pure AsFS(g) used for reaction; (B) first
volatiles from solid ca. CsAsFS; (C) volatiles after

several minutes of of evacuation; (D) pure AsF3(g).
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Figure 2.3. The relationship between the Ic-spacing and the pumping
time for graphite intercalated by AsFg (after the last
cyéle for the samples treated with AsFgq repeatedly).
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Figure 2.4. The relationship between the Ic-spacing and the carbon

content of the samples made by the reaction of graphite and OzAsF6(c).
(The values of x were calculated based on carbon analyses assuming the
formila CxAsFG. The samples with filled circles were confirmed to be
CxAsFs 99.6.01 by C, H, N, As, F and O analyses. Arrows in the figure
indicate materials which were mixtures of first- and second-stage
phases. For such materials the pure first- and second-stage phases,

respectively, in each sample must have smaller and larger values of x.)
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Chapter 3
STRUCTURAL MODELS FOR C;,AsF, AND CxAsFy (8< x< 14, 5 y< 6)

3.1 Description of the Observed X-Ray Diffraction Patterns

The X-ray powder patterns of the first-stage samples with Ic—spacing
of ~8.0 A and those of ~7.6 A differ not only in the shift of
corresponding lines associated with the difference in Ic—spacings, but
also in peculiar line broadening and the total absence of (102) lines in
the powder pattern of the samples with small Ic-spacing. Representative
powder patterns, read by a ‘microdensitometer, for the two kinds of
samples are shown in Figures 3.1 and 3.2. The 1'/d2 values and possible
indexing for these two diffraction patterns are shown in Tables 3.1 and
3.2. -

The fqllowing discussion of vthe X-ray powder ﬁatterns and the
structural models will be limited to first—-stage phases.’

Although all the lines in the Ic = 8,00 A sample are satisfactorily
indexed by the smallest unit éell with ag = ag, and ¢y = 8.00 A, where ag
is the lattice comstant ag (= 2.46 R) of graphite, two broad lines of the
I, =7.63 R sample designated (C) and (D) in Figure 3.1 cannot be indexed
in a similar way, and it 1is impossible to explain the big halos

designated (A) and (B), by a unit cell with ag = a, and ¢y = 7.63 A.

g
Line (C), which could be roughly indexed as (l00), has a slightly larger
value of 1/d2 (0.2233 for line (C) in this sample) compared with that
(0.2203) of the I. = 8.00 A sample. Furthermore, hexagonal symmetry
requires that the l/d2 value of (100) be 1/3 of that of (110). Although
this requirement was always met in tﬁe case of the Ic = 8.0 A samples,

that was not the case with the I, = 7.6 A samples. The l/d2 values for

(110) line for the two kinds of samples were usually very similar. The
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slightly larger value of 1/d2 for line (C) than 1/3 of that of (110) line
in the Ic = 7.6 A samples was consistently observed, and they looked a
little broader than line (100) in larger Ic-spacing samples. Line (D)
can be roughly indexed as (10l), by the unwary, but the discrepancy
between calculated and observed l/d2 values was consistent. The
broadness of lines (C) ana (D), and the weakness of the latter, as well
as the peculiarity of the small Ic—spacing suggested thgt something else
lay at the basis of the X-ray data of the sﬁall I.-spacing samples.
‘Another difference between the patterns of the small and large Ic-spacing
data is‘ that,. although (102) 1lines are observed in the latter, those
lines are missing in the former. | This suggested that, although the .
materials were each given to considerable disorder, there were
nevertheless very real structural differences. Effort was therefore
directed to discovering what these structural differences were.

3.2 Structural Models for the First—Stage Cy4AsF, Salt with I = 7.60 A-

The structure of graphite is shown in Figure 3.3. The lattice
constants are ag = 2.46 A (= ag) and ¢y = 6.7 A, The inter-layer
distance, which is equal to the thickness of each layer, is 3.35 A, and
the. distance between the centers of neighboring hexagons 1is, by
definition, equal to the lattice constant ag. Based on chemical analyses
and the vacuum stablity of the samples, the guest species of the samples
with I, = 7.6 A are understood as Ang. In order to explain the very
smali value of Ic—spacing of 7.6 A, physical and geometrical restrictions
were Iimposed. Because of the size of an Ang anion, shown in Figures 3.4
and 3.5, one of the three-fold axes of the anion must be parallel to the

c—axis of graphite host lattice (see Figures 3.6 and 3.7).. Although the

As-F distance of Ang anion 1in wvarious ionic solids varies, it can be
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roughly set equal to Y3 (= 1.73) A, The O,, symmetry of the anion, then,
requires the F-F distance to be Y6 (= 2.45) A. This value is very close
to the lattice constant ag of graphite. If one of the three—-fold axes of
Ang is coincident with one of the three-fold axes of graphite layer at
two eclipsed carbon atoms, the geometrical relationship between the
graphite host lattice and Ang anions allows the nestling of three-fold
sets of F ligands in contiguous three-fold sets of hexagons of the
graphite. The D3d symmetry of the Ang anion thus requires a staggering
of the enciosing carbon layers as in graphite (see Figure 3.8). If the F
ligands are nestled into the ring of m electon density by approximately
O.ZIA, then the requirement of a small Ic-épacing of 7.6 A can be met
(see Figure 3.6). When the sterié requirement in the ab-plane is
considefed, the composifidn Cy4AsFg 1s also explained.' Figure 3.9 shows
thé possible closest arrangement of Ang anions, with the requirements:
(1) all F ligands must be nestled, (2) two F ligands belonging to two
‘different vAng anions cannot néStle in neighbofing hexagons of
graphite. The second requirement comes from the van der Waals radius of
F ligands. If the neighboring hexagons are occupied by two‘F ligands of
different AsF; anions, they can no longer nestle comfortably. In such a
situation the Ic-spacing shoﬁld inérease- This explains the drastic
increase in the Ic—spacing for the materials with the .composition
C¢14AsFg as shown in Figure 2.4.

Although the nestling of Ang anions requires the staggering of
" carbon layers,vthe stacking sequence of carbon layers is not obvious. It
can be AB/AB/AB.... as in usual hexagonal graphite, ABC/ABC/ABC.... as in
rhombohedral graphite, totally random, or some other sequence with the

repeat unit of several carbon layers. To make the consideration easier
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at the beginning, the contrisution of Ang to the diffraction intensity
is ignored as a first approximation. Although the AB stacking sequence
will produce a strong line <103>43 in terms of the unit cell with the
lattice constants ay = ag and ¢y = 15.2 A, near line (D) in Figure 3.1,
this sequence cannot explain the absence of (l02) 1lines. The ABC
sequence will explain the absence of (10¢) lines, but line (D) cannot be
explained by this sequence. The ABC.sequence does result in {lOO}43 (=
‘(100)) being absent. Thus the absence of a definitive (100) line in the
. observed powder patﬁern is partly accounted for. The observed broad line
(C), however, is not explained. Whichever of these stacking sequence is
sélected, they are so ordered that the models require maﬁy strong lines
to be present which are not observed, i.e., <IQO>, <101>, <105>, etc. for
the AB/AB sequence, and {101}, {102}, {104}, etc. for the ABC/ABC
sequence.

.Although the intervention of nestled Ang anions physically requires
the staggering of the two enclosing carbon 1layers, ;here is no strong
physical requirement that the guests of one gallery have any registration
with respect to the guests of another,gallery. This last assumption
naturally leaAS to a random sequence of carbon layers. Each of the
layers, however, is staggeréd with respect . to its neighbors on each
side. Based on these considerations intensity calculations were made on

two models for L, = 7.6 A samples.

3.2.1 Nestled-small=cell model

Although the requirements of the composition C14A3F6 and the
nestling of F ligands do not allow any randomness within one gallery, in
the absence of definitive extra lines that would suggest an existence of

a super lattice, except the broad large halos (A) and (B), and partly to
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minimize the calculation time, the model with the unit cell with ag = a

g
and ¢ = 7.6 x (number of carbon layers) A was assumed. A part of the
unit cell used for the calculation 1s shown in Figure 3.10. An

assumption made was that, although the Ang anions are nestled, they are
otherwise randomly distributede Thus As atoms are placed between two

eclipsed. carbon atoms (notice that half of the carbon atoms are eclipsed

even though carbon layers are staggered), and F atoms are placed in the

middle (in terms of (x,y) coordinates) of the hexagons of the closer
cérbon layers and are, at the same time, eclipsed with the carbon atoms
of the farther carbon layers. This model no longer takes care of the Oy
or D3d symmetry of AéFg, and does alloﬁ F ligands of two different Ang
anions (this description, however, is no longer valid in this model) to
ﬁestle in neighboring hexagons. " The ngmbers of atoms are weightedvto
make a composition of Cj,AsF., i.e., C, As, and F atoms are weighted by
7, 1, and 3, since the ratios of the actual numbers of the atoms are C :
As : F =2 : 1 : 2 in this model illustrated in Figure 3.10. 600 carbon
layers were randomly stacked according to this principle. The numbers of
A, B and C carbon layers were made equal, i.e., each 200 layers. The
lattice constants are ag = 2.456 A and cg = 4560 R. %, y, and 2z
coordinates of atoms used for the calculation should be clear from
Figures 3.6 and 3.10. The Lorentz-polarization factor used was

2cose),

Lp = (1 + coszze)/(sine
which is appropriate for the Debye-Scherrer powder method. The effects
of preferred orientation, which definitely exists for samples placed on a
flat surface of a sample holder for a diffractometer, were not obvious in

this case. This was probably due to the granular nature of the SP-l

graphite particles and the absence of heavy compacting pressures in the
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capillary loading. Absorption corrections were not made partly because
the effect is monotonic with respect to 28. After all, those corrections
were not easy to cafry out because of the peculiar flat shape arising
frombthe layered structure. Even though the sample is powder, it cannot
be assumed as a totally randomly oriented aggregate of powdered.
particles. Scattering factors were taken from the International Tables
for X-ray Crystallography, Vol. 1IV. Dispersion corrections were
estimated to change the calculated intensities ~10 % at most. They were
~not made. .The poor quality of the X-ray powder data did not warrant
correétions of this magnitude. Anisotropic thermal factors were,
however, required td account for some of the line intensities. The
cal;ulated (111) 1line intensity, for example, was very weak withoutv
anisotropic thermal parameteré for As and F.atOms. The values for the
anisotropic thermal parametersvare given in Table 3.3. The anisotropic
thérmal factors are in harmony with the anisotropic nature of graphite
itself. Intensities of all the possible reflections with the l/d2 values
of less than 0.82 were calculﬁted and accumulated into the corresponding
20 degree with a width of 1/10 degree.

The results are shown in Figure 3.1l. The blank diffraction pattern
of a quartz capillary is shown in Figure 3.12. Figure 3.13 was obtained
by giving a Gaussian function with a standard deviation of 0.3 degree in
286 to each accumulated intensity, and by adding the blank diffraction
pattern by a quartz capillary. ‘Thevrelative ratio of the background to
the calculated peaks were adjusted to match the observed patterne.
Considerations of structure factors are very revealing. The (x,y)
coordinates of all the atoms are either (0,0), (1/3,2/3), or (2/3,1/3),

and all layer—units are equivalent in terms of the z-coordinates of the
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atoms. Theréfore [002.]43 and [l1l2] reflections with £ # 600n, and
[1,0,600n] reflections, which correspond to (l02) reflections in the
smallest unit cell, "are all extinct, i.e., all the extra lines brought
about by enlarging the cell along the c-axis are [102) with 2 # 600n, and
appreciable intensities are accumulated at lines (C) and (D) in Figure
3.1. Specifically, line (C) consists of the ;eflections from [10l] to
[1,0,~360]; and line (D) from [1,0,601] to [1,0,~1000]. The other [10%]
lines are weak and spread out on 20 scale. The excellent agreement with
the observed data 1is not fortuitous simply for the 600 layer
calculation. Preliminary calculations done with 60, 150, and 300 layers
all showed similar results but with less smoothed peaks for (C) and (D),
and the less smoothed "background"” arising from [102 ] reflections. This
model accounted for most. features ofkthe powder péttern of the samples.
" with small Ic-spaCiﬁg reasonbly well, except the big halos (A) and (B).

A major "defect” of this nestled-small-cell model 1is that small
change in weighting the numbers of atoms did not cause large deviations
from the obéerved pattern, i.e.; although the chemical analyses set y in

CxAsF to be 6, the intensity data do not require x to be l4. A value

y
for x as low as 12 would be acceptable in this context alone. The value
smaller thaﬁ 14 does seem unlikely, however, because collision of nestled
ligands of different guest molecules would occur for close packed
arrangements. Larger values of x than }4 are also unlikely, because such

samples would contain some second-stage phase (see Figure 2.4).

3.2.2 Nestled—-large—cell model

A further consideration suggested that halo (B) is situated very
close to the [100]43 reflection of the "real”™ unit cell for C;,AsF, shown

in Figure 3.9. The lattice constant is a; = vY7a_. If the same kind of

g



34
phenomenon is occurring for this la;ger cell, a broad line should be
formed near [100] by accumulation of [102] intensities, if many layers
were randomly stacked. Based on this observation, 84 layers of carbon
with nestled Ang anions with the composition C14AsF6, such as shown in
Figure 3.9 were randomly stacked. The calculation time was increased not
only because of the céll size but also because of the lowered symmetrye.
The "space grodp " is Pl, and the.above and the following indices [hike ]
were based on the pseudo~hexagonal 1lattice. The computer program.for
this nestled-large—cell model is given invthe Appendix.

The results are shown in Figures 3.14 and 3.15. The same
procedures, as in the case of the nestled-small-cell model, were made to
obtainvFigure'3.15 from Figﬁre 3.14.  As was expected, the broad halo (B)‘
was reasonably explained, as well as the apparent disappearence of the
quartz background peak in the observed diffraction pattern. It is ;lmost
totally covered by the big halo (B). Although some extra lines might be
smoothed but if more layers are stacked randomly, it is likely that this
model is too Tofdered" to represent the graphite - powder intercalation
compounds. This was suggested by the vefy small difference between the
calculated intensities with 21 layers (not shown) and those with 84
~ layers. Figure 3.16 shows the summéry of the observed énd calculated
diffraction patterns for the I, = 7.6 A samples.

This large-cell model fails to explain halo (A) at ~8° in the
observed diffraction pattern (see Figure 3.1), since [0,0,84] (= (001))
is the possible lowest angle reflection. Tpis lower angle halo (A) will
be satisfactorily explained by assuming domains of Ang-superlaﬂtice

arrangement within a graphite gallery (see Chapter 4).
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3.3 A Structural Model for the First-Stage C_AsF_

(8< x< 14, 5< y< 6) with I, = 8.0024

Since all the reflections are explained by the smallest unit cell
(ag = ag and ¢y = 8.00 R) (see Table 3.2), it is probably possible to
make a model within the size of this unit cell. This assumption already
rules out the staggering of carbon layers, since it requires the lattice
constant cg to bev multiples of 8.00 A. Further argument against the
staggering of carbon layers, however, can be given. First of all, if
they are staggered at all, they are likely to be randomly stacked. If
that is the case, the powder battern should show the  same kind of
peculiar features as those of the smaller Ic-spacing samples described
above. If the stacking sequence were AB, <1,0,2n+l> reflections, which
have no counterparts in the smaliest unit cell, should show up. If it
were ABC, {1,0,3n} (= (l0%)) reflections must be absent. Evidently the
carbon layers are eclipsed. A reasoning for eclipsing of carbon layers
can be provided. With the larger Ic—spacing of ~8.0 A, the guest species
have ﬁore vibrational freedom. Because of its size, the Ang anion is
unlikey to be freely rotating, except, possibly around the three-fold
axis in the z direction. Trigonal bipyramidal AsFg can undergo pseudo
rotation (Berry mechanism), and AsF3 may under go inversion or may
actually freely rotate. CF, and SiF, may bé tumbling if they are
presént. Because of these hovements, each species can be considered as a-
big sphere, and may be "neétling" between the two facing carbon hexagons
of eclipsed graphite layers. This contribution of the "nestling” to the
eclipsing of carbon layers may be true, but its requirement is unlikely
to be as rigorous as in the previous model (see below). Since all AsF

species cannot be fit into the size of this unit cell, some randomness
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must be involved for the guest species in order to be consistent with the
cell size. When As and F atoms are registered to either middle of
hexagons, to carbon atoms, and/or somewhere else (in terms of (x,vy)
coordinaﬁes), and weighted appropriately, a good fit was not obtained.
Oh the assumption that the guest species are totally randomly distributed
(without any registration) or are moving parallel to the ab-plane within
each gallery, satisfactory agreement was obtained (see below). Because
of the inter—-layer spacing, the z=-coordinates were relatively fixed for
both As and F atoms, the former being aLways near the midpoint of the two
facing carbon layers, and the lattep being ~1 A off fromvthe midpoint in
the z-direction. In the case of'AsF3, the lone electron pair will force
As atom to be near the midpont of the carbon layers. This model was
realized by giving the anisotropic thermal factors given in Table 3.2. A
schematic drawing of the model is shown in Figure 3.17. This model is in

19 4,6,7,9

accordance with the room temperature F NMR data, which indicate

a motionally narrowed line, and the electron density distribution along

z-axis,zo’28

on “CxAst" materials. ; A composition, CIOASFS’ was used,
although the changes in composition (8 < x< 14, 5< y< 6 in CxAsFy) did
not cause drastic change 1in calculated intensities. X, ¥, and z
coordinates for C, As, and F atoms are shown in Table 3.4. The value of
2 for the thermal paraﬁeters correspond to the Qibration amplitude of
l.414 A, This is to be compared with the C-C distance of 1.42 A in
graphite. With the values given in Table 3.3 for thermai éarameters,
flat ellipsoids of As and F are forming flat continuous layers of As and
F atoms, and the change in the (x,y) coordinates of the As and F atoms

does not cause any change in the calculated intensities, as the model was

~aimed at. The results are shown in Figures 3.18 and 3.19. The same
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procedures, as in the case of the nestled models, were made to obtain
Figure 3.19 from Figure 3.18. The shoulder and the halo near (002) in
the observed diffraction pattern are accountea for as a mixture of (002)
line with the diffraction by a quartz capillary. Figure 3.20 shows the
summary of the observed and calculated diffraction patterns for the I, =
8.0 A samples.
3.4 Discussion

The samé kind of peculiar diffuse scattering charécteristic for the
Ic=7-6 AR materials were oberved in the X-ray diffraction patterns of
graphite/fluorosulfate (CxSO3F) and graphite/acid fluorosulfate (Cxoy
HSO4F-z SO3F-) compounds.33 The.former had smaller I -spacing of ~7.7 A
and showed the same kind of peculiar features in the observed X-ray
powder patterﬁ. fhe latter, on the other hand, had an Ic-spacing of ~8.C
A and resembled the I.= 8.0 A sample in this study. The difference in
Ic-spacing has been attributed33 to the difference in size of SO3F- and
HSO3F, to thé coulombic attraction between SO3F- and the carbon layers,
which 1s smaller for the laﬁtér cﬁmpound. Possible hydrogen bonding was
also attributed to the larger Ic-spacing materials. There must be,
however, some associated difference in the structure of the intercalation
compounds as a whole, which is responsible for the differnce in the
observed X-ray powder patterns.

With the structural models proposed in this chapter, the following
model nicely explains the earlier findings. The SO3F- anion is a pseudo
Td ion. If we orient the ion so that the one of the three—fold axes is
pafallel to the c-axis of graphite, three of the four ligands can, as in
the case of Ang, nestle into the three contiguous hexagons of one carbon

layer, while the fourth ligand is nestling into a hexagon of the facing
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carbon layer, thus requiring staggering of the two facing carbon
layers. In order for a tetrahedral AX, species to nestle comfortably,
the A-X bond distance must be ~1.5 A. Since the average bond disﬁance S-

'X_in SO3F- is estimated to be 1l.46 A,33

the nestling model 1is equally
applicable. On the other hand, the geometry of HSO3F will not allow
comfortable neétling. Not only the geometry of the guest species, but
also the coulombic attraction 1is probably necessary for the nestling,
i.e., CF,, SiF, or Sin,' for example may not nestle without some
éttraction force between it and the carbon layers.

A more general description for the nestling is possible. Assume the
two layers of AB-stacked ligands to be close-packed spheres. Suppose
that the size of the spheres are such that all spheres éf one layer can
placed (nestled) into the close pécked hexagons of a carbon layer. If
the other layer of ligand spheres does the same, the “"stacking"” sequence
of two carbon layefs will be AB. The central atoms, e.g., As in Ang,
and S .in SO3F—, can either occupy Oh‘or Td hole sites between the two
layers of 1ligand spheres, depending on the symmetry of the guest
species. This provides a model for randomly distributed g;est species.
This corresponds to the nestled-small-cell model of this study. Note,
however, that the size of the ligands forbids the filling of all hexgons.

All atoms in the nestled model are probably more restrained than in
the un-mestled model.- For the un-nmestled model, it is therefore 1likely
that the carbon layers have larger space to move not only in the c—-axis-
direction but also within the ab-plane. The movement in the c—axis-
direction, however, 1is probably larger than that in the pure graphite.
The reported thermal parameters of the pure graphite for the best fit are

44

Uj; = 033 and Uy = l.4, The thermal parameters (x 100) of the
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graphite were all set equal to O for the nestled model and 2, 2, 2, 1. O,

and O, respectively, for Ull’ U22, U33, Ujos U13’ and U23, for the un-

nestled model. The above values resulted in relaively good reproduction

of the observed diffraction patterns, but rigorous refinements have not
been made.

In a single crystal structure study of a second-stage "CléAst"

28 concluded that the carbon stacking

material, Kasper and his cowofkers
sequence was AB with twinning. Their lattice constants are given as ag =
2,46 A and cg = 11.50 A. The present study suggest that, because the
sample was not evacuated and the Ic-spacing was large (the Ic-spacing of
11.50 & corresponds to the Ic—spaéing. of ~8.15 A of the first-stage
phase), the guest species were unlikely to be nestled. It is therefore
probable that the carbon layers, ﬁhichvenclose the guest species, were
eclipsed. Adjacent carbon layers without guest species between them are
likely to be AB-stacked as in pﬁre graphite. Because of the intervenfion
of guest species, there will be no correlation between two sets of
directly facing carbon layers. Therefore the staéking sequence will be
random (similar to the case of the first-stage nestled wodel), e.g.,
AGA/BGB/CGC/BGB++ss where G indicates a guest species layer. Simple
structure factor considerations immediately reveal that the same kind of
diffraction as that provided by the first-stage sample with the small

I.-spacing should occur. Without the detailed data obtained by the

workers on the single crystal at hand, it is not possible to assert that

this solution is superior to theirs.
Assuming the existence of a nestled-second-stage material, the
stacking sequence of carbon layers would be, for example, AGBCGBCGB....,

with again, a random stacking sequence of carbon layers. Ohr data from
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powdered materials indicate that samples with the small Ic-spacing of
~10.9 A show similar diffraction patterns to the first-stage samples with
Ic-spacing of ~7.6 A. For the samples with larger. Ic-spacing the
indication is ambiguous.

Milliken and Fischer, in. recent st:udy,18 contend that the iomization
limit of a graphite host layer is C'{o, and further oxidation bylthe'
fluoride results in the formation of covalently bonded fluorine. The
materials of. composition C_,,AsF¢, prepared in this work, would have to
be ‘thus represented as: 10 x C;,AsFg = 7 x CohAsFg + 3 AsFg + 3 Foove®
The AsF5 wouid have to be associated with Ang as AstII, since it is not
removed in a vécuum. But the capture of F~ from Ang by carboﬁ would
result in the release vof AsFg. It is conceivable. that such AsFg would
form AsZFIl.‘ » This wouid have to be vacuum stable. If éo, the addition
of AsFg to C);AsFé ought to result in all Ang being similarly éo'mplexed‘
to yield AsZFIl saltse. Since the addition of AsFS to CxAsF6 does not
result in a vacuum stable complex (see Chapter 5), it is extremely
unlikely ﬁhat ASZFIL or related complek species exists in C;,AsF..

The analytical data, the sychrotron data, the agreement of the
nestled-model X-ray diffraction data with that ‘observed: all indicate
that the CxAsF6 materials are salté with Ang as the sole As-containing
species. = Therefore the carbon sheet charge in first-stage Cy,4AsF, must

L
+
be Clé'



Table 3.l. Observed and calculated l/d2 values and possibile

indexing (hkf) for one of the representative samples with Ic-

spacing

respectively,

Cae

7.6 A.

cell models are also shown.

Indices

[h,k,2] and

[h,k,2],
by the nestled-small-cell and the nestled-large-

- Cae C14AsF6

(hkl) lldz(obs.) 1/d%(calce)®) [h,k,2] [h,k,2]
001 .0169 .0171 0,0,600 0,0,84
b) .0312 — — 1,0,1 to
1,0,~100
002 ~.0683 .0687 0,0,1200 0,0,168
003 L1541 <1547 0,0, 1800 0,0,252
cb) .2233 -— 1,0,1 to 2,1,00 to
1,0,~360 2,1,~50
pb) .2597. -—- 1,0,601 to 2,1,85 to
| 1,0,~ 1000 2,1,~140
004 .2753 .2750 0,0,2400 0,0,336
005 4287 4297 1 0,0,3000 0,0,420
006 6194 .6188 0,0,3600 0,0,504
110 .6635 6642 1,1,0 61,0
111 .6813 .6814 1,1,600 4,1,84
112 7324 .7330 1,1,1200 4,1,168
113 .8205 .8189 1,1,1800 4,1,252

a) Least-squares fitted.

b) See Figure 3.l. for the line designations (B, C, and D).
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Table 3.2, Observed and calculated values of 1/d

2

and possible indexing for one of the representative

samples with I -spacing of ca. 8.0 A.

ag = 2.46 A, I, = 8.00 A

Caoe CloASFb

hig 1/d%(obs.)  1/d%(cale.))
001 0154 .0156
002 .0624 .0625
003 . 1404 . 1407
100 .2206 .2204
101 .2367 .2361
004 .2498 .2502
102 .2832 .2830
103 .3606 .3612
005 .3911 .3910
104 L4712 4707
006 .5635 .5630
110 .6613 .6614
111 .6782 6771
112 .7235 .7240
113 .8012 .8022

1) Least—squares fitted
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Table 3.3 Anisotropic thermal parameters* (x 100) used for the

calculations
Upy Upp U3z Ujp Ups Ups
Nestled model ' C 0 0 0 0
claASF6, IC = 7.60 A .AS 10 10
F 20 20 10 10
Un—-nestled model C 2 2 2 1
C10A$F5’ Ic = 8.00 A AS 200 200 6 100

F 200 200 16 100

* The anisoﬁropic thermal factor expression used is
exp[-Zﬂz(U“_hza*2 + Uzzk?b*z + U3322c*2
*x % * % * %
+ 2Uj,hka’ b + 2Ujjhta’c + 2Up3kb ¢ )].

U Thermal parameters expressed in terms of mean-square

ij°
amplitude of vibration in angstroms.



Table 3.4. X, . ¥y, and z
coordinates of atoms used for
the un-nestled model with Ic =
8.00 A.

X y z
c(l) 1/3 2/3 0
c(2) 2/3 1/3 0
As /3% 23% 12
F(1) 2/3%  1/3% 38
F(2) 1/3%  2/3* 578

* With the 1large anisotropic

thermal parameters for As and F

given in Table 3, their x and y
can be thought of as dummy
coordinates, 1i.e., any values

will give the same result.
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Figure 3.1. Observed X-ray diffraction pattern for a sample of -

the composition ca. CMAsF() with Ic = 7,63 A. XBL 843-3741
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_ Figure 3.2, Observed X-ray diff;action pattern for a sample of XBL 849-3742

the composition ca. CyyAsFg with I = 8,00 A,
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Figure 3.3. Structure of graphite: ag = 2.46 A and ¢y = 6.70 A.
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| OAs

(in A)

XBL 849-3744

Geometry of the AsFg anion. .The relationships of AsF, F-F

Figure 3.4.

and inter-plane (defined by two sets of three fluorine

atoms) distances in 0h symmetry. The AsF distance is set

equal to /3 A. (¥3 =1.73, /6 = 2.45)



XBL 849-3745

Pigure 3.5. Geometry of the AsFg anion. The “height” of the AsFg

anion.
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Figure 3.6.

XBL 849-3746

A view along an axis parallel to the carbon ab-plane for
the nestled Ang anion between carbon layers with I =
7.60 A, (z values given were used for the calculacion.)
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XBL 849-3747

Figure 3.7. A view along an axis parallel to the carbon ab-plane for
the un-nestled Ang anion between carbon layers with I
8.00 A. (z values given were used for the calculation.)
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Figure 3. 8.

52

XBL 849-3748

Requirement of staggering of carbon layers (as in graphite)
imposed by the nestling of AsFg anions. (Solid-, and
dashed-lined fluorine atoms, respectively, are nestled on

solid-, and dashed-lined carbon hexagonal nets.)



Figure 3.9.

153

XBL 849-3749

Structure of nestled model with the composition ClaAsFﬁ.
A unit layer of idealized nestled structure for 014A5F6’

A possible pseudo-hexagonal unit cell with ag = /7hg (in
the ab-plane projection) is shown.
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Figure 3.10.
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XBL 849-3750

A part of the unit cell used for the intensity calculation

of the nestled—-small-cell model.
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Figure 3.1l. Calculated intensities by the nestled-small-cell model. XBL 849-3751
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Figure 3.12. The blank X-ray diffraction pattern of

quartz capillary of 0.7 mm diameter.
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Figure 3.13. Simulated X-ray diffraction pattern by XBL 849-3753

the nestled-small-cell model.
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Figure 3.14., Calculated pattern by the nestled-large-cell model. XBL 849-3754

(Indices are given according to the pseudo-hexagonal unit cell with ag = v’—a o)

8BS



1.=7.604
(Calc.)

capillary

s
U

0,0,168

background R 4,I 292
e A
0 0 20 30 40 S50 60 70 80 90

Figure 3.15. Simulated pattern by the nestled-large-cell model.

XBL 849-3755
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XBL B849-3756

Summary of the observed and calculated diffraction patterns
for the small Ic-spacing (= 7.6 R) material.

Figure 3.16.

Simulated patterns (i) and
(11), respectively, are calculated by the nestled-small-cell and the
nestled-large-cell models.
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XBL 849-3757

FPigure 3.17. A schematic drawing of the unit cell for the un—nestled
model with a; = ag and ¢y = 8.0 A.
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Figure 3.18. Calculated intensities by the un-nestled model.
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Chapter 4
MATHEMATICAL TREATMENT OF MODELS FOR C,,AsF:
DISORDER BOTH. ALONG THE C~AXIS AND WITHIN THE AB-PLANE

The nestled-émall—cell model and the nestled-large-cell model
proposed in the previous chapter were dealt with using probability
functions which are to be described in this chapter. An extension of the
large-cell model is also proposed. All of these models explicitly deal
with the stacking disordér of carbon layers along the c=-axis. The
previously described small-celi model ‘assumed perfectly random
distribution of Ang consistent with the requirement of nestling, while
the large-cell model and its extention assumed perfect ordering of Ang
within each gallery. The lower angle X-ray diffraction halos (A) ;nd (B)
(see Figure 3.1), however, indicate only a short-range order in the Ang
érrangement within each gallery. When the nestled Ang are ordered in
small domains within each gallery, all observed X-ray diffraction data

are satisfactorily accounted for.

4,1 Intensity Expression of Disordered Cv.jyst:alsl"s"49

The intensity of X-ray scattering by an object is given by

I=AA%, o (4.1)
where A is the amplitude of tﬁe reflected beam by the whole object. If
the object 18 a perfect crystal with many equivalent unit cells (strictly
speaking the equivalency 1is attained only when the crystal is infinitely
large.), A can be expressed by |

A ZF°exp ((2mi/X)(s-8p) Ry],
where SO and S are unit vectors of the incident and scattered X-ray
beams, R. is a vector to define the position of the origin of the j-th

]
unit cell, and F is the structure factor of the unit cell given by
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F=Jf_exp[(271/A)(S-Sy)er 1,
where fnnis the scattering factor of the n-th atom, and r, 1is the
position of the atom relative to the origin of the unit cell. Then the
intensity is given by
pszz FF exp[(Zni/A)(S—So) (R;-R;-) 1.
1f t%i crystal is disordered, but the unit cells are still related

by a translation vector Cj (displacement disorder), the amplitude will be

AFZF-exp[(Zni/X)(S—SO)°(Rj+5j )1,

]
or
4= ]F exp[(2m1/X)(S-5)) R, ],
j J
where

FymFeexp[ (211/1)(5-5,)+8,1. | (4.2)
If different atoms can occupy the 'same' site of ﬁhe unit cell one at a
time (substitutiot_l ‘disorder), the ampl.itude and the structure factors
will be given by |

A?ZFjexP[(2wi/x)(S—SO)-R.]
3 |
ij aexp [(271/2)(5-5y)+r; 1.

If the disorder is such that the structure factors differ from one
another, while the positions of the unit cells are 1like those in a
perfect crystal, ("whole-unit-cell substitution”), A and F will be
expressed by

APZFjexp[(2ﬂi/A)(S—So)°Rj] o (4.3)

3
N

Fy= Zlfj,nexp[(Zwi/x>(s-so>-rn1,
e
where Nj.is the number atoms in the j-th unit cell. The above two
equations can take care of both displacement and substitution disorders,

and can be applied to any substances This 1s because any substance can
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be considered to be comprised of many _parallelepipeds whose structure
factors are different from one another. Since the models considered
later cannot be expressed by displacement disorder alone, the following
derivation is based on these two equations. This is because two Ang
anions in different galleries are, in some cases, related by a mirror
plane parallel to the ab-plane (plus by a displacement). The idea of
diéplacement disorder, however, will be fully incorporated into struct;re
factors by using equation (4.2), since the three types of carbon layers

are related by a displacement. The stacking disorders of a simple cubic-—

face-centered structure, a " hexagonal-close-packed structure, pristine

graphite, eté. can be dealt with displacement disorder alone.l‘s’48
From Equations (4.1) and (4.3), we have
I=]] FF exP[(ZTri/A)(S-So) (R;-R,-)] | (4.4)
i3°

Defining (S-Sy)/A and R, by
(S—SO)/AEha +b +2c”

and putting j =j'+m Equation (4.4) is written as
n=ZZFij+mexp2n1(hm1+km2+zm3), (4.5)

jm

where h, k and 2 are continuous variables. For the rest of this chapter
upper—-case H, K, and L are used for integers and lower-casevh, k, and 2

for continuous variables. . J

4.2 Models (HKL)=(I), =(II), and —(III)

(Disorder Along the c=-Axis)

4.2.1 Description of the models

It 1is possible to express the intensities of disordered crystals by
using probability functioms. Three models have been considered which

explicitly deal with the stacking disorder along the c-axis. The first
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model corresponds to the nestled-small-cell model in Chapter 3, and will
be called (HK2)-(1) model. The small-cell ((HK2)-(I)) model,
"implicitly"” assumes perfectly random distribution of Ang anions between
two graphite layers (a gallery) with the requirement of nestling.
Because of their '"perfect" randomness the disofdering in the occupied
gaileries relative to one another can be dealt with using the small
lattice constant ag appropriate for graphite. This implies a perfectly
ordered structure for each small unit cell, but the occupanéy in Ang is
fractional (appropriate to the stoichiometry). The second model, (HKL)-

(II), corresponds to the nestled-large-cell model in Chapter 3. The
-o:dering of Ang énioné is perfect; and the lattice consaht ag is /7hg.
it should be noticéd that there are two different arrangementsvof Ang
nestled in a given pair of graphite carbon-atom layers. As shown in
Figure 4.1, a gi&en Ang (at the origin of the cell) can be surrouﬁded by
close.Ang in two ways: designated R and S. Thelperfectly ordered
arrangement in a given gallery will be represented either by a cell
designated R or S. It is convenient to take hexagonal "unit” cell with
ad=7ag, because such a unit has both patterns within its framework. Thié
model will be called (HK2)-(III). .The R-structure was arbittarily chosen
for model (II1). It was assumed that Ang anions have a perfectly ordered
arrangement within each gallery. This larger hexagonal "unit"_cell was
arrived at in the course of attempts to explain the very low angle halo
(A) in Figure 3.1. However, the lower angle reflections below {210}43,
which corresponds to [100]43 of model (II), should be extinct. To
account for the low angle halo (A) it was necessary to make a more

drastic change. This is described in Section 4.3.

The requirement in model (III) is more plausible than that in model



69
(1I1), 1in thas it allows equal weight for the two orientations of the
close—packed nestled Ang species labelled R and S. Model (I) implicitly
assumes such a mixture of orientations; the close packing which gives
rise to thg R and S alternatives was not a part of the model. In models
(1I) and (II1) it is assumed that the positions of Ang anions in one
gallery have no influence on the relative positions of those in the
neighboring galleries. In model (III) it is also assuﬁed that thére is
no correlation between the R--and S-structures.

Models (I), (II), and (III), respectively, can be expressed by
random stacking of 6, 42, and 84 differgnt unit cells with lattice
constants ad=agf /7Ag, and 7ag, and ¢=7.60 R (see Table 4.1). The
number of different unit cells will be designated by N. The subscript
v*p" in'Tabls 4,1 deals with the fact that there are three kinds of carbon
layers (A, B, and C). The subscript "q" ﬁas necessary Because of the
direction algng the c-axis (two possible orientations ‘of Ang anions
related by a mirrsr plane parallel to the égfplane). The subscript "r”
was necessary because of the size of the superlattice /7hg, i.e., there
are 7 different sites wheih Ang can occupye. The subscript "s™ was
necessary to take care of the R and S types of the Ang afrangements.
The assigned values for them are: p = 0, and %l; q = £l; r= 0, %1, 22,
and £3; and s = £1. Model (I) deals with the ideas which the subscripts
p and q represent, model (I1) with p, q, and r, and model (III) with p,
q, r, and s. The nsgative sign is replaced by a bar above the
subscript. The definitions of the subscripts are such that the two R-

and S-strucures given in Figure 4.1 are related via two operations, i.e

(HK2) + (KHR) + (KHL), according to Table 4.1, (III).
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4,2,2 Structure Factors

The following discussion will be made mainly for model (I), unless
special comments on the other models are necessary. The desired
equations, however, will be given for all three models when a general
equation 1is not applicablg. |

A side view of the six unit cells for model (I) is shown in Figure
4.2 (see also Figures 3.10, 3.9, and 4.1, respectively, for models (1),

-(11), and (III)).
Defining
(I) as2n(H-K)/3
(11) ,aEZﬁ(H+SK)/21
(III) o=2w(2H+K)/21,
(I) B: not applicable
(I1) B=2w(3H+15K)/21
(II1) B=2m(3H+3K)/21,
and
n=nl and. g=2nlzg,
where z¢ 1is the. z-coordinaﬁes of flﬁoring atoms (1.00/7.60), the
structure factors FOI’ FOIO’ and FOlol'and cheif rglations to those of
the other unit cells can be given by |
(1) §01(HK2)=2fc(cos[n]+cos[a-n])+2ffcos[a+c]+fAs
qu(Hxl)-Foq(HKI)expaip

Fpg(HKL)=F  (HKD),
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6
(I1) Fgyo(HRL)=2f Y} {cos[Bn-nl+cos [Bn+2a-n]}
n=0

+2fF{cos[a-c]+cos[4B g ]+cos[-58- 7,']}+fAs

pqr(HKlkFoqr(HKl)expaip
Fpar(HK2)=F (HK.Q)'
pqr(HKlkaqo(HKZ)eXpBir,
and
6 6 :
(I1I) F0101(3x1)=2f L I {cos[6m(mH+nK)/21-n]
m=0 =0
+cos [ 67 (mH+nK)/21+a-n] }
6 .
+2fp ) {cos[Bm-2n(2H+K)/21-z]
=0 .
+cos [Bm=-2n(H-K)/21-z]
+cos [Bm-2m (B+2K) /21=Z] }+£ , (446)
qurs(HK2)=Foqu(HKz)expaip
Fygrs(HKE=F o (HKE)
qurs(HKlﬁquos(HKl)expBir
pqr—(HKl)-qurs(Kﬂl)exp[21rip(H—K)/21] \

In models (I) and (II) the_subscripts can be independently changed,
whereas in model (III) the subscript s depends on p. In order to have
the composition C; ,AsF¢ the scattering factors for three kinds of atoms
can be appropriately weighted. The factors Wt,:Wt, :Wtp are 7:2:6,
1:2:2, and 1:2:2, respectively, for models (I), (II), and (III).
The structure factors are defined between

d/y ¢ z <Yowith an arsenic atom at the origin. Since the structures at z
and z+n, where n is an integer, are no longer equivalent, the requirement
6f -1/2< z < 1/2 must be rigorous. This can be seen by noting that cos2niz
is generally not equal to cos2mi(z+l) when £ is a continuous variable.
Such a requirement is not necessary for x and y. This is because the

perfect ordering (or disordering in the case of model (I)) was assumed
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within each graphite gallery, i.e., H and K are integers.

4.2.3 Expression of J. (Probability functions)

If Fj in equation (4.5) depends only on m3 and the crystal is large
enough to validate an assumption that the summation variables j and m run
from negative to positive infinites,sq Equation (4.5) 1is transformed to

E=Z exp2n1hmlz eponikmzz Jm3exp2ni£m3, . (4.7)

@, m, m,

h J <F F* > 1 h 1 fF F* f 11 i f i
where my F3Fj+m, s the mean value o ¥ 5+m, or a pairs of unit
cells mj—units apart along the c-axis. Equation (4.7) is non-zero only
when h=H and k=K, where H and K are integers. Now we have

 I(HRZ)=]J exp2milm, (4.8)
o .
where the subscript 3 in m3 was omitted.

In order to calculate Jm it 1s necessary to know the probability of
having one of the six unit cells m—layers away from a given cell. " The m—
th layer is stacked on the (m-1)-th layer, and the discussion is made for
m>0. The same kind of discussion, however, can be made for m<0, and the
final form of probabilities will be a function of the absolute value of
me Possible stacking sequences are shown in Figure 4.3 starting with the
as the probability of finding one of the

pPq,m

cells, °pq’ at the mth layer, P

unit cell ¢01. Defining P

pq,m can be expressed in terms of
b4

Pp’q',m-l by

P, a" 0T, o (PTIT, m-1*P 11, m-1)/2

P11,o" P, o™ (P1T, n-17711,0-17/2

P01, 1T, u" (P11, m-1*20T, n-1/2+
The cells with the same kind of carbon layers at the top and the battom
have the same probability of being at the m-th layer.. By substituting

PpT;m by equivalent P ; ., we have

rl,
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2P11, 5 P01, m-1*P11,m-1 (4.9)

2P 1,0 P01, m-1"PT1, n-1

2P01,w~P11,m-1*PT1,m-1°
1f 001 is chosen as the zero-th layer, PTl,m will be uniqug while Pll,m
and POl,m ére left equivalent. Then we can put

PTﬁ,nr(l/6)+utvm

P11,uPo1,n (1/6)+ugvt,

where the subscripts “"t" and “f" stand for “two” and "four"” (unit
cells). = By noting that the sum of the six probabilities is always one

for any m (normalization), and that Pyi 1| is zero in this case, we find
., b}

u, = -2/3, ug = 1/3, and v= -1/2, Finally,
PTl,d=(1/6)-(2/3)(—1/2)m (4.9)
o (m>1)
Pll,m=(1/6)+(1[3)(-;/2) . (4.10)

Given a cell at the zero-th layer, the probability of having one of the
two éells with the bottom carbon layer same as the top carbon layer of
the zero-th layer cell is given by (4.9) and that of the other four cells
including the same kind of unit cell at the origin_is given by (4.10).

In general

P, =(1/N)=(4/N)(-1/2)| ] (4.11)
»
| | (n#0)
Py = (1/M+(2/N)(-1/2) (], (4.12)
The equivalent probabilities for the sets of two and four for m>l are

different from those for m<-l: POl,mfPIT;m for m»l, while POl,méPTT:m

for m<-1.
Now Jm is expressed by

NJ=J, By P o (m#0), (4.13)

where Jt and Jf are
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= *
(1) J.= z‘)[(Fpl+Fp,T9(FpT+Fp,l) ]
- *
(11) Jt=(p§‘)[E(Fp1r+Fp,T})Z(FPT%+FP,1r) ]

(1) J.= [ [IICF )EZ(F —+F *1,
(pp”) I psrs?t p srs psrs p’srs

where (pp”)=(01), (11), and (ld), and

- *
(1) J{= E [(Fp1+F »TQ(FPI+FP,1+ZFP,,q) ]
PP P ")
. . *
(11) J{ [Z(Fp1r+Fp‘T})2(Fp1r+Fpa1r+ZFp,,r) ]
pP p" )r r = |
(IID) 3p= § [INCF 47 o OINF _ F L TP . )¥],
{pp p”“)rs psts P Tsrs Lot psrs T pisrs . p““srs

where (PP~ p")=(o11) (110), and (101).
The sum of J.  and J¢ devided by N2 is the square of the average of all
the structure factors:
52 |
N<F =-Jt+Jf

- and

(I11) N%F =|{2{2qurs| .
pqrs

~ Defining

(I) (II) and (III) P=1+2cos[al,

(1) R=1 |

(I1) and (III) R=1+2(cos[B]+cos[28]+cos[38]),
(1) AsFg(HKR)

(1I) ASFgo(HKR)

(1I1) ASFy;q; (HKR)+Fq; 4, (KHD),

and
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(1) B=Fy,(HKY)
(II) B=Fqo(HKR)
(I11) BsF0101(HKE)+F0101(KHz),
NF can be expressed by
NFePR(A*B).
_ From equations (4.13), (4.11) and (4.12) we have
NszsN(JtPt’m+JfPf;m)
= (J +Ig)+2(J=23,)(~1/2) I g
-NTF+2(3-23) - el (av0), (4.14)
(Jf—ZJt) is calculated to be
Jf-2J€=2R2(l-cosa){(A2+Bz—4AB)(2+cosa)~i3(A2-82)sina}.

4,2.4 Intensity Expression

From Equation (4.8) we have

L=N22Jmexp2n11m
o

=N2J0+N22 Jpexp2rilm,

m [

_=N2J0+2N2Re ZlJmepoﬂlm],
( hi o :
where the primed summation sign excludes the origin term, i.e. m#¥0, and

the relationship

*
J_n ‘=Jm,

was usede This can be proved by deriving Jm for m<0. Alternatively it

*
can be seen by expressing J as the sum ZFij+m for a given and

sufficiently large number, n, of pseudo-unit-cells, which is constant.aeb
’ %*
J=(1/n) § FyFsame

n-unit-cells

Then substituting Jm with Equation (4.14), we have
2.” s
I=N2Jy#N7F | exp2milmtiRe[(Jz=2J.) [ (-1/2)'m'exp2ﬂilm],
1

m =
since
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2 ) exp2mifmr2 ) cos2mim
w1 w1

32 Expzﬂizm.
m
75

By adding and subtracting N the orgin can be recovered for the first

summation:

-]
1=N2J0+fozzexp2num-nz%'2+ I (3g=23.)(=1/2)"exp [-27itm] ].

m i
Jo» by definition, is the average of the squares of all the structure

factors:

JFF2.
Defining

[CR]ENZfZZexPZHlm,
m
since this term corresponds to the usual expression for a crystal.

- reflection with a structure factor Fz we have:
-}

T =2
I= [CR]+N?(F2-F )+4Re[(J;=2J ) ] (~1/2)"exp2rifm].
i1 | '
Noting that

@

) (-1/2)mexp2112np{(1+2cosZn2)+iZsin2nz}/(5+4cosZn2),
we havenpl |
I=[CR]+Ni;;;P2R2(A2+32)—8R2{(l—cosa)/(5+4c052w2)}-
{(AZ-QAB+BZ)(2+cosa)(1+2cosZn2)+6(A2—Bz)sinasinZn2} (4.15)

4,2.,5 Cases of H and K on the conditions of R, P, and (I-cosa)

In geperal three conditions can be considered, i.e., whether R, P,
and/or (l;cosa) are zero or non;zero. The corresponding conditions on H
and K, when they are zero, are

R=0 (I) not applicable (R=1l)
(I1) HW+5K=(1, 2, 3, 4, 5, or 6) + n

(1II) H+K=(l, 2, 3, 4, 5, or 6) + 7n, .
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P=0 (I)  H-Ke+1+3n
(I1) B+5K=+7+21n
(III) H+K=+7+2ln,
l-cosa=0 (I) H-K=3n
(11) H+5K;21n
(II1) H+K=2ln.
Qf the possible combinations of the three conditions, four cases lead to
different intensity expressions:
(1) l-cose=0 for (I), (II), and (III).
Under these conditions all thevstructure factors become equivalent
and the intensity is simply given by
I=[CR].
(i1) R#0 and B0 for (1), (II), and (III).
Under these coﬁditions F is zero, and, therefore, [CR] is zero.
Intensity is given by | |
I-Ni;;;BRZ{(l-cosa)/(5+4COs2n2)}
-{(2+cosd)(1+2cos2n25(A2-4AB+B2)+6Sina(A2—Bz)sin2n2}.
(iii) B=0 for (II) and (III).
Although three sub-cases could be made, i.e. =0,
(1-cosa)=0, or P(l-cosa)?0, they all lead to the same intensity

expression:

=N2F2, ' | (4.16)
[CR] is again zero, since F is zero.
(iv) RP(l-cosa)#*0 for (I1II)
This formally leads to the full intensity expression given by
Equation (4.15). Although there are possible (HK) under this condition

for model (III), no non-zero intensity occurs. All the structure factors



78
are zero.

4,2,6 Conversion of intensities from "in reciprocal space” to

47,48

"in Debye circle

In powder diffraction patterns, the power, P(8)d8, associated with
unit length of a Debye circle is measureds In terms of the intensity
distribution I(HOKol)dl of the reciprocal lattice, we have

PHOKol(B)cl(HOsz){(1+c03226)/(sin29cos6)}dl/de
where H and K are assigned constant values of Hy and K;, and the quotient
(l+cos226)/(sin29cose) is the Lorenz-polarization factor applicable for
the Debye-Scherrer method. If 90 is the glancing angle corresponding to
=0 for a given set of H (=HO) and K (=K0), the relationship between £
and 6 becomes

Ja=(2c/3x)(s;mze-sinzeo)l/2

Accordingly we have

; 1
PH0K0£(6)GI(HOKoz)(1+cos229)/{Sinze(sinze—sinzeo)ﬁq. (4.17)
This equation 1is not realisic, since P(G) is infinite when 6=60.
ModificationsAg.were not made.

4,3 Three Dimensional Disorder Model

(Disorder Both Along the c-Axis and Within the ab-Plane)

Although halo (B) in Figure 3.1 was partially explained by models
(HK2)=-(II) and -(III), they fail to explain the fact that halo (B)
extends to lower angle than that of [100] for model (II), or {210} for
model (III). It can not be reasonably accounted for by the "line width”
of [IOZJ or {212} feflections. Furthermore another halo (A) in Figure
3.1 at the lower angle cannot be explained by these models.

Models (II) and (III) have dealt with the disorder along the c-

axis. They, however, assumed that each layer has a perfectly ordered
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Ang arrangement. Model (I) assumed that the anions are nestled but are
totally randomly distributeds The actual samples "CxAsF6" are likely to
have an arrangement of the anions somewhere between these two extremes
for the following reasons. Even if the comfortable nestling of Ang can
persist when x=14, x 1is seldom exactly l4 in actt;al samples., Perhaps
more importantly, as recognized in model (III), there must be R and S
arrangements within each gallery (see Figure 4.1). But it is higt;ly
unlikely that a gallery would be wholely R or wholely S. It is probable
that nestling of Ang begins at many places within a gallery and that
domains of R and S character de§elop in each gallery. The diffraction
characteristics of such a domain st.ruct:ure were explored.

Based on the above considerations a model with a short-range order
of'Ang anion arrangement was proposed. This model will be called (hk%)
model. Now h, k, and & are all continuous variables signifying three
dimensional disorder. In order to incorporate the R- and'S-structures it
is best to assume that domains have a hexagonal lattice constant ag 7Mag,
where M is an integer. This implicitly assumes the domain has a lattice
constant of at least 7ag (see Discussion). The following discussion will
be made for the smallest domain, i;e. M=1, and the modificétion will be
made later to incorporate the cases with M>2,

The modél has assumed that all possible sites for Ang nestling (an
arsenic atom between eclipsed carbon atbus) can be occupied by Ang with
an equal probability (same as model (HK2)-(I)), and each Ang anion has
an equal probability of being at the center of the domain. There can be
four different structures for a given pair of eclipsed carbon atoms.
They correspond to %501, %0107 ®gTo1» 374 ®oToT of model (HK2)-(I1I).

The structure factors are defined between -1/2< X,V 42 <1/2 (except for some
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of the fluorine atoms of Ang Anions near the border) with an arsenic
atom at the origin (see Equation (4.6)). The disorder in the ab-plane
was realized by displaéing the origin to one of the 48 other possible
sites for ASFE nestling (see Figure 4.1). It is noticed that in models
(HK2)=(II) and -(III1) the "displacement disorder” could be incorporated
into the "whole—unit-cell substitution”. It was possible because a
perfect order was assumed in the ab-plane. In this model, however,
displacement must be treated as it is. This statement is equivalent to
the requirement -y§< X,¥,2 € Uﬁfor Equation (4.6). All démain sizes are
assumed to be the same. Carbon layers are assumed to Se perféct andvdo
not contribute to the intensities except for the reflections which
correspond to gsual graphite (HKO) and the corresponding (HK L)
reflections. The treatment of the stacking disorder was the same as the
(HK2) models.

Starting with the general equation (Equation (4.5)) for the three
dimensional disorder, we have

=y JVJ +ma+m,C P 21i(hm ) +kmy+Lmg)
n.m ml 23
1723

ﬂz z Jm exp2ﬂi(hm1+km2)
mm,

‘+z z (z ) m +m2+m3exp2ﬂi(hm1+km2+£m3)
m,m
172 ¥3
=JoH1 1) Jml+m2exp2ﬂi(hml+km2)
m,m
172
+() Jm3exp2ﬂi£m3)2 ) exp2ri(hm;+km,)

3 m oy
=300 4my* [ I 4, * T 3exp2wizm3]2 Zexp2n1(hm1+km2), (4.18)
' m
3 ™oy

where three cases were made for Jm1+m2+m3f
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I, +my+my 70 (my=my=ng=0)

Jm1+m2+m5=Jml+m2 (m3=0 and ml‘m2¢0)

Using the same definitons for A, B, and a as in model (HK2)-(III), and

defining R” as the double summation:

3 3
) } exp2mi(hm+kn),
= -3 = -3

R‘
we have
JO'=F2

=R”?2 2/(4+49)2
m, +m,"R (A+B)“/(4+49)

J

ij=§2+2(Jf-2Jt)(-1/2)|m|/(4-49-3){
where

Jg=2.= 2R*2(1-cosa){ (A2+B2-4AB) (2+cosa)-13(a2-B?)s 1na}.
The last.term in equation (4.18) corresponds to the (HKI).models, since
the double summation ZZepowi(hm1+km2) is essentially zero when h and k
are non-integers. The equivalency of the last term to the (HKZ2) models
is seen by noting that

Jml+m2+£3Jm3ex?Z“ilmjgng1+m2+m3exP2"12m3i : (4.19)
The similaricy.of this equation to equation (4.8) is appareht. R” is
non-zero only when (h,k)»(7m,7n) where m and n are integers; Although
this (hk%) model is closely related to model (HK2)=(II1) in having R”
instead of R, because of the disorder in the ab-plane the abové equation
(Equation (4.19)) is equivalent to model (HKR)-(1), and the first two
terms in Equation (4.18) will be the cause of the 1low angle halos
(contribution of these two terms to higher angle intensity was found to

be very small). Then disregarding the third term for (HKL) scattering,

we have the intensity expression for the (hkf) scattering:
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I"—'JO"Jm1+m2
«(4-49)5;;-R'2(A+B)2. (4420)
When the domain size has a lattice.constant a0=7Mag, the intensity
will be given by
I={(4+4M2)2F2-R"2(A+B)2[SN]} [SN], (4.21)
where the factor [SN] is defined as
[SN]E{(sin[th]sin[an]/sin[nh]sin[nk]}2.
This 4is because the structure factor G and the intensity GG* for the
larger domain kao=7Mag) can be expressed by that of the smaller domain
(ad=7ag) according to the equations |
M-1 M-1

GF ] ) exp2mi(hm+kn)
-, w0 0

GG*=FF*[SN].

M2 and [SN] in the braces in equation (4.21) were necessary, since the
number of the possible sites of Ang increases by the factor of M2,

Conversion of intensity from reciprocal épace to the Debye-circle
was done "digitally"' ;s waé the case with the nestled-cell models in
Chapter 3, i.e., h, k, and % were assigned values of mltiples of 1/20
and the intensities were collected to the corresponding 20 value with the
interval of 1/10 degree. The unit of 1/20 for h, k, and £ was small
enough to produce a uniform intensity curve. The smaller unit did not
enhance the uniformity noticeably. |

4.4 Results and Discuséion

The calculation of diffraction patterns for the various models
involved steps which were sométimes common to two (or all) of. the
models. Sharp diffraction peaks were anticipated for all models for
reflections OOL and for HKL (HK-case (i), see 4.2.5). The calculated

pattern for such reflections is shown 1in Figure 4.4. Models (I) and
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(II1) each assume an equal mix of R and S Ang packing arrangements (see
Figure 4.1), and as a consequence of this, the (10%) and {702} (wbich
represent the stacking disorder according to the requirements of Figures
4¢2 and 4.3) are identical. The calculated diffraction pattern for such
reflections (HK-case (ii)) for models (i) and (III) is shown in-Figure
4s5 and should be compared with Figure 4.6, which gives the rélated data
for model (II). Model (II1) must be considered as unlikely since it only
allows R or S for the entire powder sample. (It is possible that one
single crystal could adopt all R or all S packing.) For all other HKZ
reflections (HK-case (i1ii)) the saw-tooth character represented in Figure
4.7 is calculated for models (II) and (III), They have the same pattern,
since the total intensity is the average of the intensities of R and S
strustures (see Equation (4.16)). This 1is because the powder
diffraction patterns of the two types of structures are the same. -The
abrupt low-angle onset of a peak 1s associated with the leading 'HKO
reflection of an HK2 set. As was pointed out in Section 4.2.6, althbugh
unrealistic, each on set should be infinite according to Equagion
(4.17), figures 4,5, 4.6, and 4.7 are so scaled that the additions of
Figures 4.6 to 4;7, and 4.5 to 4.7, respectively, give the total diffuse
scattering patterns of models (II) and (III) (HK-cases (ii) and (iii)
(see Sectioﬁ 4,2.5)). They are shown in Figures 4.8 and 4.9. They
suggest that halo (B) could be caused by the superlattce structure
represented in models (II) or (III). But there is a serious failure to
cope with the observed halo (A). The final model (referred to as the
(hk2) model) does simulate that and all other observed features.
In the (hk%) model it is assumed that each gallery of the C_AsFg

contains domains of R or S arrangements of nestled Ang. It is
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reasonable to assume that these R and S domains occuf because of
simultaneous development of nestled Ang close packing at many points
within each gallery. Growth about an Ang nestled at a point R (see
Figure 4.1) will not provide for continuity with Ang at a point é. It
is thus easy to visualige how the domain boundaries would arise.

The results corresponding to Equation (4.20).for the (hk%) model are
shown in Figure 4.10, together with a simulated whole pattern (see
below). As was the case with the models in the previous chapter, a
gaussian function with a standard aeviation_of 0.3 degree in 26 was given
to each accumulated intensity with 1/10 degree intervals. Calculations
based on Equations (4.20) and (4.21) suggest that the model reproduces
the observed péttetn well when M=l. Similar calculations for hexagonal

domains of multiples of /758 indicated that domains of ca. 7a_ reproduces

g
the observed pat;ern bést. The intensities calculated from the last term
in Equation (4.18) are the same as given in Figures 4.4 and 4.5. The
‘reason for this was explained in the description of the (hk%) model (see
Section 4.3). The observed pattern was simulated (see Figure 4.10) by
- combining the new (hk&) scattering (curve (a) in Figuré 4,10) for this
model from Equation (4.20) with thg’results from the small-cell model
shown 1in Figure 3.11, which would also apply to this case. Figure 3.11
corresponds to a combincation of Figures 4.4 and 4.5. The quartz
background scattering (curve (b) in FigureAé.IO) was also added. The
combination (curve (c)) of curves (a) and (b) and Figure 3.11
contributions to the scattering required some weitghting of one
contribution relative to the others to provide a fit to the general form

of the observed scattering. The excellent agreement between the observed

and calculated scattering shown in Figure 4.11 indicates that the
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structural model (hkf£) 1is highly satisfactory.

Guinier data with higher resolution and better background would
provide more convincing evidence for the structural model (hk%), and data
from a single crystal are highly desirable. Even with the latter,
however, it is probable that R and S domains of small size would occur.
This 1is because, as the close clusterings of Ang vabout each Ang

propagate, they develop R or S arms randomly and independently.



Table 4.1. The relationships of the subscripts p, q, r; and s

to the carbon—layer types and the Ang arrangements.

(HKZ )-(1) model

A\ T 0 1
_ B A C |-Top carbon layer
¥ c B A =Bottom carbon layer
C B A —Top carbon layer
' B A. | C -Bottom carbon layer
(HK2 )=-(11) model
' ;/p T | o | 1t | =0, £1, #2, and #3
B A C |-Top carbon layer
T R R R —Ang arrangeﬁent
c "B A |-Bottom carbon layer
C B A |-Top carbon layer
1 R R R -AsF; arrangement
B A C -Bottom carbon layer
(HKZ )=-(1I11) model
Lol 1 0 1
— — — r=0, %1, £2, and %3
q \8 i 1 1 1 1 1
Cc B | B A A Cc =Top carbon layer
T | S R S R S R -Ang arrangement
B C A B B A |-Bottom carbon layer
B C | A B B A |[-Top carbon layer
1 S R ] R S R -Ang arrangement
C B _B A A C -Bottom carbon layer




Figure 4.1,

7\

Re lationship of the R- and S-structures and the commom hexagonal “unit”

cell used for the (HKL£)=(III) model with the lattice constant ag = 7ag.
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Figure 4.2. Six unit cells, °pq’ used in the (HK2)-(I) model with ag = ag and cg = 7.6 A
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Figure 4.4, Calculated diffraction pattern for models (HKR)-(I), XBL 849-3764
-(11), and -(II1) with HK-case (1). -
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Figure 4.5. Calculated diffuse scattering pattern for models
(HKL)-(1) and =(III) with HK-case (ii).
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Figure 4.6. Calcuiated diffuse scattering pattern for model

(HK2)-(I1) with HK-case (ii).
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Figure 4.7. Calculated diffuse scattering pattern for models XBL 849-3767
(HK2)-(I1) and =(III) with HK~case (1ii1i).
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‘ Figure 4.8. Calculated diffuse scattering pattern for
model (HK£)-(II) (HK-cases (1i) + (iii)).
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Calculated diffuse scattering pattern for
model (HK2L)-(ILI) (HK-cases (i1) + (1ii)).
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Figure 4.10. Diffraction patterns by the (hkf) model in combination with
the results by the small-cell model: (a) (hkL) scattering by the (hk%)
model (Equation (4.20)); (b) Combination of (a), (c), and the results of
the small-cell model (see Figure 3.11); (c¢) quartz capillary background.
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Figure 4.11.
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Summary of the observed and simulated diffraction
patterns. The simulation was made by the (hk%) model.
See Figures 3.1 and 4.10, respectively, for the observed

and calculated patterns.
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Chapter 5
REACTIONS OF C,, AsF, WITH AsFg, AsF,, F,, ETC.,
AND CONDUCTIVITY MEASUREMENTS

In Chapters 2-4 graphite hexafluoroafsenates and related materials
are compositionally and structurally characterized. Since ClAnASFb
materials are vacuum stable and well characterizgd, they make good
starting and/or reference materials. In order to get further insight
into the nature of the intercalation compounds, some reactions involving
C14nASF6 are described in this chapter. Data obtained from HOPG chips by
in-situ conductivity and X-ray diffraction measureménts depend for their
interpretatioﬁ uﬁon the more fully described behavioqr of powdered
‘materials. A reproducible procedure for the preparaion of nestled-form

powdered ClAnASFé is described firste.

5.1 Preparation of Nestled Cl4 AsFE

For the majority of experiments materials of composition Cl4nASF6
were  prepared by treating graphite (SP-1) with AsF5 and FZ in the
stoichiometry appropriate for

lin C + AsFg +1pF, » C |, AsF,
The Ast and FZ were condensed sequentially upon the graphite contained
in a stainless steel vessel (5-10 m¢). The mixtufe was warmed to room
temperature and _stirred on a vibrator for two hours or more. All
remaining volatiles (alwayé small in amount) were removed under vacuum at
‘room ;empetature. Constant WeightAwas achieved within three hours, but
routinely such samples were submitted to a dynamic vacuum overnight.
Each sample was characterized by X-ray powder photography and found to
conform to the unit_cell dimensions and structure associated with the

nestled form, ClAnASF6' The requirements of good wvibration—induced
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stirring meant that the reaction vesselé could only be partially
fillede Hence sample weights were usually small (ca. 100 mg). Carbon

analyses were made to check gravimetry (see Tables 5.1 and 5.3).

5.2 Reactions of CL4 AsF, with AsFq, AsF3z Fz, etce

5.2.1 C), AsF, with addition and removal of AsFg

AsFgq (~0.5 mmoles) was condensed on to samples of ClénASF6 (~0.3
mmoles) at -196 °C in a stainless steel vessels of small volume (~5
m? ). The closed vessel was warmed to room temperature and the contents
were constantly stirred on a vibrator for at least two hours. Volatiles
 were removed by condensing them at =196 °C for a few minutes in a closed
system until the contents of the vessel no longer registered gas pressure
(<300-500 wyutorr). on a thermocéuple pressure gauge. X-ray powder
photographs of this Ast-rich‘material always revealed‘a unit cell with
cg = 8.0 A and the intensity data were indicative of eclipsed carbon
layers and un-nestled guest species (see ChapterS'B and 4). The)AsFS
uptake by "C14AsF6" was about half a mole per mole of AsF6- (éee Table
5.1). When this material was subjected to a dynamic vacuum (~50.hours
were taken but less may be necessary), it fell to constant weight close
to that of the originavaIAnAsFﬁ. An X-ray powder photograph of this
. material was indistinguishable from that of the starting ClanASFb
material (Ic = 7.6 A for nestled Ang with staggered carbon layers-—see

Table 3.1 and Figure 3.8).

5.2.2 E44n§SFAAWith addition and removal of AsF i

First-stage C;,AsF¢ (~0.3 mmoles) érepared as described above was
treated with AsF3 (~1 mmoles) in a stainless steel vessel (~5 ml) at room
temperature for periods of 1 day to 3 weeks. The contents were

constantly agitated by a vibrator. Volatiles were removed by vacuum
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distillation to a cold trap (-196°) until there was no detectable gas on
a Helicoid. gauge (1500 torr full scale). Tﬁis required several
 seconds. Infrared spgctroscopy of the volatiles revealed the presence of
some AsFS. Carbon analysis of the solid indicated a composition cae.
C,4AsFg* (0.5)AsF; (see Samples 3 and 4 in Table 5.1). X-ray powder
photographs (see Table 5.2 for representative data) indicated a grbssly
expanded ic—spaéing (= 8.15 A). But the X-ray data élso indicates some
second—- stage material (Ic = 11.6 A) admixed with a stronger f\ifst-
stage. The data have not been coﬁpletely indexed, however, and the these
first- and second-stage cells are not completely described.

Removal of AsF3 was carried out for several days in a dynémic vacuum
at 20°. Infrared examination of these volatile revealed only AsF3. X-
ray powdervdata usually showed the reduced solid to be a mixture of
first- and second-stage salts of the Cl4nASF6 series. Carbon analysis
indicated an overall composition C17.8ASF6 (Sample 3 in Tablé 5.2) which
requires a roughly.Z:I admixture of first-stage C;,AsF; with second-stage
C28AsF6. The reiative line intensities of the two patterns are in
harmony with this requirement. The X-ray &ata were satisfactorily
explained by the nestled CIAnASF6 series. This suggests that the un-
indexed lines of the AsFy~rich compound before evacuation (see Table 5.2)
were not due to contamination of the sample by impurities or
decomposition products.

5¢2.3 Reaction of C,,AsF, with SF¢

Reactions were carried out in a manner similar to that employed for
reactions with Ast (see Section 5.2.l1). The results (Samples 5 and 6 in
Table 5.1) indicate the Ci4nAsFy does not incorporate SFg in significant

quantities.
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5.2.4 Reaction of ClopAsFg with Fo

F, (~0.5 mmole) was reacted with Cl4nASF6 (ca. 0.2-0.4 mmole). The
procedures were essentially the same as those described for Ast and
AsF3. Tensimetry, however, was carefully carried ogt, since gravimetry
and CHN analyses are less definitive in determining uptake of F, than of
AsFg or AsFy because of the smaller molecular weight of Fj. It is
notoriously difficult to analyse for fluorine in the presence of arsenic
because of the kinetic stability of Ang. Moreover, pyrolysis also
yields some carbon fluorides, e.g. CFA,:whicﬁ also have great kinetic
stability. Tensimetry was done by measuring the initial pressure
{actually the pressure difference before and after the condensation of
some F, gas at -196° in the reaction vessel) in a known volume (~ 40
ml: reaction vessel + vacuum line + helicoid gauge), and the final
pressure aftér the reaction by opening the vessel to the vacuum line
plus the Helicoid gauge. Since some F, is élways consumed by the inside
wall-surfaces of the vacuum line and the Helicoid gauge, this method was
preferred to monitoring the pressure change in vthe course of the
reaction open to the entire vacuum-line system. Tensimetry, gravimetry,
and CHN analyses were found to be in satisfactory agreement. Infrared
spectra of volatiles over the products usually revealed a small amount
of CF4. The compositions of the products given in Table 5.3, however,
were calculated based on CHN analyses with the assumption that the
carbon-% change is solely associated with uptake or loss of F,.

5.2.5 Reaction of C;,AsF, with SO,QLF

(Reaction of graphite with 0,AsF, in SO,QF)

Reactions were carried out with SP-1 powder and HOPG chips.

Graphite (~5-10 mmoles) was reacted with excess 02AsF6 (~3 mmoles) in
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S0,CeF at -23° (CCL, slush bath) for 1-5 days. It was found tﬁat the
solvent SOZCZF was taken up by the product (see Table 5.4). IR of the
volatiles from the solid product revealed only SOZCZF. The removal of
SOZCZF from the product was found to be a véry slow process. The X-ray
diffraction patterns on the powdered material (Sample 1 in Table 5.4)
indicated that the loss of S0,C&F is associated with an I.-spacing
decrease and with a corresponding structural change from un—nestled Ast
to nestled Ang. Chemical analyses for C, S and C! were made on
different parts of a sample. This is probably the reason, éspecially
for Sample 2 where HOPG chips were employéd, why the compositional
change 1is not totally cénsistent with the simple 1oss and uptake of

S0,CLF.

5.3 Conductivity Measurements

Lg_gigg_conducﬁivity measurements were carried out using an HOPG
chip (see Chapter 2) of dimensions, ca. *5%0.5 mr®, in a quartz cell
shown in Figure 5.l. X-ray (002) reflection data were also obtained in
gigg{on the same sample. A thin—walled bulb was made to minimize X-ray
absorption. The cell was attached to a Debye—Scherrer camera and rocked
to obtain (00f) reflections. Mo—Kd radiation was employed. Half an
hour exposure was sufficient to obtain the necessary information. The
estimated standard deviation for the lattice constants was ca. 0.03 A.
This was satisfactory for the present purposes. Reacting gases were
condensed in the cold-finger (see Figure 5.1) by liquid nitrogen.

Conductivity measurements were made by the contactless radio

31 Calibration of the instrument

frequency (1l kHz) inductive technique.
was made using a copper standard of nearly the same size as the HOPG

chips used for the reactions. The findings, however, are usually



expressed for convenience by the ratio of the conductivity of the
product to that of the initial graphité; o/cg. The conductivity was
derived from the relationship:

AV = KA?to
where AV represents the voltage change (sample in field - -sample out);
K, a proportionality consﬁant; A, the ab-plane surface area;v t, the
sample thickness; and o, the specific conductivity. Since the ggjplane
dimensions do not change significantly (<O.i %) o/og is calculated
according to the equation:

a/og = niAV-3.3S/(IO-AVg)
is the voltage change for

g

the initial graphite. When a sample is a mixture of first— and second-

where n is the stage of the product and AV

'stége phases, their molar ratio was estimatéd by the X—ray' (002)

reflection intensities. All the composi;ions giveh in Table 5.5 were
. estimated from the known X-ray diffraction—-data dependence on
compositionifor powdered materials;

5.3.1 HOPG sample preparation of C14 AsFE for conductivity measurements
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‘The production of C14nA5F6 material, using the QOPG chips suitable
for conductivity work, required the employment of AsFS/FZ mixtures in
order to obtain pure first-stage material (see Chapter 2 for stage
limitation using AsFgq alone). Because of the:dramatic lowering of the
in—-plane conductivity brought about by the addition of excess fluorine
(see Section'S.g.Z), it was necessary to limit the fluorine supply to
the reaction. Experience with SP-l po&der had shown that stoichiometric
ClanASF6 material could be made by treatmeﬁt of graphite with ASFS/FZ
mixtures in the ratio apéropriate to form C;, AsF. The presence of the

reactant gases was always kept below an initial pressure in the reactor
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of 2-3 atmospheres. For the small quantities of graphite involved in
the conductivity sample preparation, it was usual to use a larger
quantity of reactant gases than needed to make C14ASF6, but the AsFg to
F, ratio was kept at 2:1l. In these circumstnaces gas pressures-were
always less than 2 atmospheres at the beginning of the preparation and
fell as AsFg and F, were consumed. It should be noted (as documented in
Chapter 2) that even in powder preparations, where a two—-fold excess of
fluorine was employed (i.e. AsFS:FZ = 1l:1), C, As, and F analyses
indicated a composition Cl4nASF6' Such preparations involved low gas

pressures and minimum contact time between graphite and fluorine.

5.3.2 Comparison of the conductivities oqugnﬁstgand 014 AsF,

and the impgcﬁ of fluorination.

The results of conductivitiy measurements are summarized in Table
5.5. | - |

The initial experiments documented in Table 5.5 under Sample 1 are
typical of graphite intercalated by AsF5 aléne. Thus after exposure of
the chip to AsFS'for 6 days a pure first-stage diffraction pattern was
observed with Ic = 8.2 A. This is indicative of material close to that
described by others as "C8AsF5“.2 Significantly, removal of AsFg (and
perhaps.some AsF3) to a cold trap in a static vacﬁum leaves a mixture 6f
first- and second-stage matetial‘with a slightly reduced Ic-spacing (8.1
A) for the first-stage. This parallels the behavior of SP-1 powder.
which in like circumstances falls to a mixture of first- and second-
stages and a gross composition roughly given by "CloAsfs". The ratio
o/cg for both "CygAsFg" and "C;oAsFg" 1is approximately ll. As is

documented under Sample 1 1in Table 5.5, addition of fluorine to

"ClOAsFS" resulted in a marked decrease in conductivity. This decrease



with time is illustrated in Figure 5.2. It is noted, however, that an
initial small increase before the decrease was usually observed in such
a sample. X-ray diffraction data showed that the final product of this
fluorination was a pure first-stage material with Ic = 7.9 A. This
corresponds to the_ experience with fluorinated powder samples of
composition clOASF6'6F (see‘Sectionv5.2.3).

Sample 2; initially prepared in the same way as sample 1, was
evacuated befpre addition of fluorine. Removal of AsFj (and AsFS) from
such a éample, under a dypamic vacuum for 4 days di& not result in a

significant decrease in conductivity (see Figure 5.3)e The results are
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given in terms of AV which do not require an estimation of the.

first/second—stage ratio necessary to obtain specific conductivity. The

‘X-ray data suggest that the initial abrupt drop was associated with an

increase of the second-stage ratio relative to first-stage, while the

speéific conductivity stayed approximately constante. Addition of

flporine to the evacuated matérial, however, led to a collapse in

conductivity to the graphite level (o/ag = 1,5) (éee Figure 5.2).

When care was taken to-introduce F, with Ast in ratio close to
that required for C,, AsF, salt formation, the findings listed under
Sample 3 were obtained. The conductivities (c/cg = 10) are comparable
to those of CxAsFS materials. Sample 3 following the removal of
volatiles (Ast apd AsFS)‘showed the diffraction behavior typical of
nestled first-stage C14A3F6 salté. The material, however, contained a
trace of a second-stage phasé. The conducﬁivity did not change
siginificantly during the evacuation process (see Figure 5.3). Addition
of fluorine again led to a drastic decrease in conductivity (see Figure

5.2)..



5.4 Discussion

Since the treatment of graphite with AsFg alone always gives a
mixture of first— and second-stage salts of composition Cl4nASF6’ the
route to pure first-stage material was used which involves AsFS and F,
mixtures close to these required for the stochiometry 14 C + AsFgq +142F2
(see Chapter 2).

The studies- invoiving uptake of AsF5 by graphite both in the
absence and in the presence of fluoriné had indicated (see Chapter.Z)
that C*AsF6_salts were in some.cases able to take up and lose AsFgq
rather éasily. To investigate this behavior, powderéd samples (SP-1) of
ClAnASF6 were prepared and exposed to AsFS. ‘The.findings are summarized
in Table 5.l. The uptake of AsFS by powdered Cl4nASF6 was essentially
complete within two hours at room temperature, and the end composition
was cae. C14nAsF6-(O.5)AsF5. This material has a much larger carbon-

sheet separation (~8.0 A) than the nestled Cy;AsF. and the pattern of
. 147°%6 ;
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line intensities is similar to that described for the eclipsed carbon-

sheet structure with highiy disordered As and F atom placement. It
appears, therefore, ﬁhat the introduction of_AsFSvdestfoys the nestled
arrangement and introduces greater guest disorder. The process is
reversible, however, and removal of AsF5 volatiles restores the original
cémpositibn and structure. In contrast to the introduction and removal
of AsF3 (see below) that of AsF5 is fast. This 1is probably a
consequence of the formation of u-fluorobridged species such as As,F1)
(FSAS—F-ASFS)_. Such species, dissociating to AsFg and AsFg, provide a
mechanism for the transportation of Ast into and within the graphite
galleries. No such mechanism is readily available to AsF3 because of

its very weak fluoro—acidity. Naturally the existence of AsZFII, Ang,
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and probably AsF5 monomer would cause disruptibn of the nestled Cl4nAsF6‘

structure and contribute to the high disorder typical of the eclipsed
carbon-sheet structure. The wvolume reduired for the a0=2.46 A and
cg=7.97 A unit cell of‘C15_1A3F6-(0.6)AsF5 is 314 A3, This is close to
that required for close packing of all species, since the required

f

volume for (15.1)C is 132 A3, for AsFg ~105 A3, and for AsFq ~83 A3 (] =

325 R3). Of course we must assume that the loss of coulomb attraction.. .

energy (aSsociated with the nestled Ic = 7.6 A structure passing to the
un-nestled eclipsed cafbon sheet arrangement " with Ic = 8 AR) is
.compensaCed for by the screening effect of Ast diminishing the aﬁion—
anion repulsion. |

Although the uptake of AsF5 by Cl4nASF6 is much slower than %or
AsFg (for theAreasons discussed above), the limiting composiﬁién Ein
tiﬁe) is akin t§ that for the AsFg system (see Table 2). Compositions

C13.2A5F6'(0'6)ASF3 and C14.3A5F6'(Q-4)ASF3 are not far from the

CxAsF6o(0.5)AsF3 composition identical with sz/3AsF5. It is unlikely'.

that the AsF3 forms' bridged species to Ang, although the small amount
of AsFg formed in the reduction:
AsFy + 2 AsFg + 3 AsFg +2 e

prébably does so. For the most part, however, we expects AsF5 to be
spaced symmetrically beﬁweep Ang in a close packéd arrangement with six
of the létter~abodt the former and three AsFj3 -about each Ang. That
there is appfeciable order in the guestbarrangement is hinted at by the
X-ray powder data (see Table 5.2). The data for the AsF,; containing
materials has more 11nes than the data from the AsFg containing
materials and is indicative of a well defined arsenic superlattiée. So

far, however, the unit cell is unknown.




Unlike the complete reversibility observed in the C14nA5F6 + AsF5
system, the introduction of AsF3 leads to the formation of some AsFS.
This was expected from the studies described in Chapter 2. As may be
seen from Sample 3 in Table 5.1, a material of composition Cy3, 0AsFg is
reduced by AsF, to C17.8ASF6 and that material is a mixture of first-

and second-stages. This is consistent with the inability of AsFg to
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form a pure first-stage material, even with six or more applications of

AsF5 (see Chapter 2). It is also noticed that the product of AsF3
addition, Cl3.zAsF6-(0.6)AsF3, before evacuation contained a second-
stage éhase, even though the starting material was a pure first-stage
salt. This is consistent with the staging formula for the C/AsF5 series
being Cg AsFg whereas that for the nestled Ang salts ié Ci4pAsFg, where
n 1is the stage."' C13.2ASF6°(0.6)ASF5 would thus correspond to
Cg.2585F4. 9

It is curious that, although C;,AsFg incorp&rates eaéh of AsFg or
'AsF3 to approximately the same molar extent (~0.5 mole for each), Ic-
spacing fbr the smaller molecule (ASF3) is greater than for the larger
(Ast). Thus Ic-spacing for CIAAsF6f(0.5)AsF3 is 8.15 A 1like that for
the "CloAst“ material. This hints at the‘close relationship of CszsF5

to C3pAsF6~(0.5)AsF3. Certainly we expect the inorporation of AsFg to

lead to ASZFIL formation, whereas AsF3 will stand separatley from Ang
« With AsF3, however, we do have the interaction:

AsF3 + 2 AsFg + 3 AsFg + 2e
aﬁd this diminishes both the Ang and AsF3 concentratioms. The AsFj
formed can in turn make ASZFII' The charge borne by the carbon sheets
(and the guest species) would thereby be reduced. This could account

for the greater Ic-spacing for the AsF5 incorporated material.



In Sections 5.2.1 and 5.2.2 incorporation of AsFg and AsFy by
ClanASF6 was demonstrated. A part of the reason for their incorporation
must be their role as neutral dielectric spacers, but the formation of
ASZFII’ and the redox reéctions involving AsFq5 and AsFg must also play a
role. It was found that non-interacting SOZC£F used as a

solvent22»26,35,37

in the reaction of graphite with 0jAsF; is

incorporated into the product. Itvis-removed slowly upon evacuation.
The process is accompanied by decrease in 1c-spacing (8.0 A to 7.6 A),
and structural change from un-nestled Ang to nestled Ang. The process
is reversible. In this case the dielectric spacer effect and the dipole
moment are the probable basis for fhe S0,&F incorporatione. Deépite
good dielectric properties of SFg it was not readily incorporated.
Although SFg 1s larger than S50,QF, it is not likely that this is the
main reason for the failure of SF6 to act like 802C£F. After all
C14A5F6 does incorporate more Ang to give'ClOA§F6 (see Figure 2.4).> It
is more 1likely that the failure of C14AsF6 to incorporate SF6 has to do
with the lower polarizability of SF6 compare with SOZC£F. Moreover
S0,CLF is a dipolar spéceis.

Fluorine uptake by CxAsFS has been a controversial
issue.“’12’18'30’31""36 Because of the low molecular weight of fluorine
(relative to Ast species), gravimetfy and CHN analyses usually do not
give definitive results. Fluorine analysis could be dubious because of

‘the formation of CF, in the analytical processes. Tensimetry is also
inexact because of the cbnsumption of F, by the inside wall-surfaces of
the measuring system. For the study of fluorine uptake beyond that
required for Ang salt formation, the starting materials, as far as

possible have been Ang salts. In the studies involving powdered
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.gfaphite there'was no difficulty in starting with such materials. In
the experiments detailed in Table 5.3, the starting materials were
characterized salts of type ClAnASFG' In each case exposure of the salt
to Fy gas resulted in fluorine uptake aﬁd it was usual (at least
initially) for this uptake to be accompanied by a small contraction in
the I, dimension. The fluorine uptake was assessed by fluorine
consumption (tensimetry), gravimetry, and cérbon_analysis. Although the
findings indicate that as much as (2.2)F, in excess of that required to
make Ang; can be incorporated into a first-stage salt of composition
.C15.6A8F6, there is'édnsiderable uncertainty in that value, because of
the expérimental difficulties already alluded to. There is, however, no
difficulty in . fitting two fluorine atoms into the nestled; C 4AsFg
structure. Tﬁere is sufficient space, even if allo&ancebis made for
directed C-F bonding.

Fifst-stage materials prepared: with AsF5 alone and with Ast/F2
(Samples 2 and 3, respectively, in Table 5.5) befére evacuation have
comparable conductivities ca. 10 times that of graphite. ~Since the
ionization of the host carbon-layer is higher for the 1atter; i£ could
be argued that the combined factor of the charge (hole) density and fhe
mobility is about the same for the two kinds of materials. Their
specific conductivities did not chénge signifiéantly after 4 days of
evacuation (see Figure 5.3). The sample prepared with AsFg alone, at
the end of evacuation, was roughly a l:1 mixture of first— and sécond-
stages, whereas that with AsFS/FZ was mainly first- with aitrace of a
second-stage phase. Because of the limited length of evacuation time
and the uncertainty in the extent of the removal of the volatiles from

the HOPG samples, the evacuated products have to be formulated as



CyASFé-G‘ In such formulae y and § are larger for the forﬁer sample
(Sample 2) than the latter (Sample 3). From the conductivity change
during evacuation depicted in Figure 5.3, it is evident that there is
unlikely to be furthef change 1in conductivities with extended
evacuatione Therefore it 1is surmised that the conductivity of CyAsF6
(mainly first-stage) materials is ca. 10 times that of graphite (see
below). Addition of fluorine to C?AsF6_6 materials drastically reduced
the conductivites down to the graphite level (see Figure 5.2). The
initial increase in conductivity in Sample 1l is interpreted as due to an
increase in the Ang guest concentration. The maximum conductivityvfor
that sample would then be identical with composition ClAASFb‘
Consequently, the drastic decrease ig conductiviy is ascribed to extra
fluorine wuptake to form CyAsF6-6F. The last formulation was
demonstrated with SP-1 powder samples (see Table 5.3) on which the HOPG

formulations are based by X-ray diffraction data. Sample 1l in Table 5.5
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suggests that, even when the guest species density is high (ClOAsF5;6),’

fluorine uptake is suffiqient enough to bring about a drastic decrease
iﬁ conductivity (see Figufe 5.2).

The combination of powder compositional | studies and HOPG
conductivity measurements indicate that C14A5F6 éalts have
conductivitieé which are an order of magnitude higher than graphite. In

this they are qualitatively indistinguishable from the "CxAst"

materials. Undoubtedly fluorination of any of these . materials

eventually produces poorer coductor (comparable with graphte). This is
associated with incorporation for more fluorine than required to form

Ang alone.
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Table 5.1. Data relating to interactions of Ci4pAsFg with AsFg, AsFj,
and SFge

Sample Treatment Duration 7C Compositiona) IC(A)-first/second

1b) 48.92 C|s_ ,AsF 7.61
» + ASFS 15 hours 38.21 C15. 1ASF6‘ (006)ASF5 7.97
Pump 60 hours 48.72 Cls.lAsFét(0.0l)Ast 7.65
2b) | 48,92 C)5 ,AsFg 7.61
+ AsFg~ 14 hours 38.43 Cjg |AsF¢e (0.6)AsFg  7.98
Pump 52 hours 47.72 C;s ;AsF¢e (0.05)AsF5 7.66
3¢) 45.55 C,3, ,AsFg 7.71
+ AsF; 4 days 37.24 C3 ,AsFg+ (0.6)AsF5  8.15/11.68
Pump®) 8 days  53.05 C;; gAsFy g 7.65/10.92
d | : o
44) | 47.53 Cj, 3AsF, 1.1
+ ASF3 . 2 days 41.73 C].[O. 3ASF6' (0.4)A5F3 8- 12
" Pump®) 2 days  49.74 Cpg gAsFg s - 7.63
d)
5 48.09 Cp, oAsFg 7.63
+ SF6 2 days 48.71 C1406ASF6 7.62
d) '
6 \ 47,54 Cp, AsF, 7.63
+ SF¢ 2 days 47.62 C,;, 3AsFg o 7.65 .

a). Compositions were determined based on #C (CHN analysés). They were
given by assuming that the amount of AsEg in each sample remained
unchanged during the reaction processes, except for Samples 3 and 4 after
the evacuation. These compositions were consistent with the gravimetry,
but this was not as precise as 7%C in fixing the composition.

b). Samples 1 and 2 were obtained in the same preparation from
C/AsFg/F, system. v

c)s Obtained by the reaction of C/AsFS/FZ.

d). Obtained by the reaction.of C/OZAsF6 described in Chapter 2. No
SO0,CLF was used.

e)e IR of the volatiles indicated the presence of some AsFg in the

initial voltiles removed.



Table 5.2. X-ray powder diffraction data of the typical
‘ca. ClaAsFﬁ-(O.S)AsF3 sample.

First Stage Second Stage

Intensity d 1/& 1/d& (HKL) 1/& (HKL)
(obs) (obs) (calc) . (cale)
Vs 8.24 .0147 .0150 (001)
W 6.66 .0225
MBroad 5013 00379
Vs 4,08 .0599 .0601 (002)
W 3.98 .0630
S 3.87 .0666 .0660 (003)
S 3.73 .0717
S Broad  3.48 .0825
S 3.33 0900
VW 3.17 0993
VW 3.11 .1036
W 2.92 «1171 «1173 (004)
M 2.81 «1262
S 2.71 .1361 .1354 (003)
W 2.53 «1562
W 2.46 .1657
VW 2.36 .1799
VW 2.29 . 1905
w o 2.21 «2056
S 2.12 «2224 «2221 (100) «2217 (100)
M 2.04 « 2407 «2371 (101)
M Broad 1.92 «2699
W 1.86 «2876 «2877 (103)
W 1.84 «2951
W 1.80 « 3088
VW Broad 1l.74 «3295
VW 1.66 3619
VW Broad 1l.51 +4394
W 1.43 4886
W 1.39 .5141
M 1.36 « 5415 «5417 (006)
W 1.24 6492
M 1.23 6652 .6664 (110) - .6653 (110)
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Table 5.3. Data relating to interaction of Ci4nhsFg with Fyo

114

Sample Treatment Duration

%“C

Composiciona) IC(A)-first/second

1
L+ Fy 5 days

Pump 5 days

2 .
+ F, 3 days
Pump 1 days.
+F, 3 days
and Punmp 1 day
+F, 5 days
and Pump 2 days

3
+ F, 5 days
and Pump 2 hours

- 46.72

43.62
44.09

49.74

47.28

46.29

44.70

65.41

61.60

C13.848F
C13.8ASF6' (1-3)F

C15.688F¢

ClS.bASFb‘ (1.0)F

C1506ASF6. (l.S)F ‘

015.6ASF6‘ (20 2)F

Co9.888F¢

7.85
7.79
7.78

7.63
7.60

7.62

7.64

10.94

10.92

a). Compositions were

given by assuming that

unchanged during the reaction processes.

determined by CHN analyses (%-carbon). They»were

the amount of Ang in each sample remained

These compositions were

consistent with the gravimetry and tensimetry, but they were not as

precise as %C in fixing composition.



Table 5.4. Data relating to interaction of C;,AsF¢ with S0,CLF.
(Reaction of graphite with 0,AsF¢ in S0,CGeF)

Sample Treatment Duration cx*  sz* art Composition* Ic(A) .
: . First/Second
1 6 C + 0)AsF 1 day Found 42.04 2,55 3.48 _ 7.83
Required 42 2.9 3.2 for 014A3F6-(0.36)SOZC£F
Pump -5 days Found 46.16 0.42 1.58 : - 7.59
Required 46 0.9 1.0 for C14AsF6°(0.10)SOZC£F
2 4 C + 0y)AsFg 5 days Found 44.15 1.61 2.82 7.94/11.18
Required 44 1.8 2.0 for C;,AsF(0.22)S0,CF _
Pump 4 days Found 48.90 0,31 0.74 7.55/10.78
Required 46 0.5 0.6 for CI4AsF6-(0.06)SOZC£F
+ 80,CLF . 1 day Found 40.91 1.49 2.44 7.87
Required 43 2.1 2.4 for ClaAstt(O.Zb)SOZCQF

* Carbon, sulfur, and chlorine analyses are done on different parts of each sample after
each treatment. Because of the higher inhomogeneity of HOPG-chip sample than of SP-1 powder,
the analyses could be less reliable. The 1nhomogeneity of the sample could explain the

observation of a second-stage phase for Sample 2.
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Table 5.5. Data relating to conductivity me38urementsa) of Cl4nASF6

and related materials.

Sample Treatment Duration c/og I.(A)-first/second Compositionb)
| 1 C + AsFq 6 days 11 8.2 CgAsFg
- AsFg (no pumping) 11 . 8.1/11.3 C1088F 54
2 C + AsFq .3 days 10 " 8.2 CgAsFgq
3 C + AsF5‘+ F2:2 day 10 8.0 ] ClOASFS-ﬁ
+ F, 4 days 0.2 7.7 ~ Cy4AsF-yF

a)s In all cases the conductivity measurements were made on HOPG
chips by the contactless method described in the text.
b). Compositions were estimated from the known X-ray diffraction

-data dependence on compositon for powdered materials.
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X-ray = Conductivity
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Cold
finger

XBL 849-3772

Figure 5.1. Quartz cell for in situ measurements of conductivity and

X-ray diffraction.
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XBL 849-3773

Figure 5.2,

See Table 5.5 for the description of Samples 1-3.

Change in specific conductivity as a function of reaction time with Fy.
Filled square, triangle, and circle indicate the initial conductivities
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Figure 5.3. Change in conductivity, expressed by AV,

as a function of pumping time.
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. APPENDIX

The following computer programs, written ih VAX-11 BASIC, were used

to calulate intensities for the nestled-large-cell model, the (HKZ)-(III)

N
'

model, and the (hk?) model.

Nestled-large-cell model

100 INSLY "TITLE™STITLES

110 MA® (CATALFILE) IT2VTHC.CATAX

120 INPUT ™ NAPE OF DATA AND TERMINAL FOFMAT FILES /NAPEGOGSO(.CAT & TFFI/™ §
eFILER

130 OPEMN FILE$4".0AT™ FOR CLTFLY AS FILE #3%,SEQUENTIAL,PAF CATA.FILE

160 OPEN FILEY*™.VTFF™ FOR CUTFUT AS FILE #6YX RECORCSIZE 132%

160 DIP PX(212),PY(21X),PLCTS(SY)

1€0 A41Cs2,23 \B1Cu20.8635\AZC21.0Z \NBZC210.2075\A3Cx1.5E86\E3C=.5687 ¢
\AuCs,. 865 \3NC351.,6512\CC=2,2156

170 A1431€.6723\91432.6305 \B22=6,0TO0LNBZA= 2667 \832=3,631206348=12,979 ¢
\AbAsk,277¢ \BhéimbT TS72\CA=2,531 _

180 A1F=3,5297 \B1F210,2825\AZF22.6412\BZFaeu,2Cht \AIF21.517 \B3F=,261¢ ¢
NARFE1,0243 \BuFa26.167E\CF=, 2776

169 WLT1,5418\00L_22,7709\F1.180031803/F1

203 INSLT “¢ CF LAYERS™INLI\NAZ=21%*NLY

210 DIP CLESUINLE) oPAXINLYLY oX (NAZ D ,Y(NAYL)D 2 (NAY)

220 NL LUXBAL 222X \NL b _12shL 2% 102 eI X VAL 15X=NLY ®3EINAL .15 1XaNL2® 152412

230 PRINT “INFLT Urn ANDC Ut1 FOR €, As ANC F  (UxkzlhriUnkzLhh/23Lnk=Uri(s0)1" ¢
VINPLT “FOF C™SUMHC,ULLCNIMNFLT “FOR £S™iURRELLULLANIPPLT “FCR FotUNKFJULLF

240 A32 . 65€%SCR(TINCST.6*NLEINFI222%FI\PIE==PI~:/50\A224 /A" 2/3\C221/C"2

250 D2rN=&/ML"2\PRINT “ENTEF LPFER LIMIT FCR 1/D0"2--MADINUF ="3B2PM\IMUT D2M

2€) D2m=02Mm IF D2r>02MH\OMz1/SCR (D2M)

270 SN=WL/CP/7Z\TH2ONXZIAT (I60C*ATNISN/SQR (=SN™Z241)1/P1)

280 OIM IT2THC(TH2OMY)

260 HMEsINT(SCR (3)®A/2/CP)INLFI2INT(C/DM)

300 PX( 1= ¢ \PX( 2)= 21/721\PX({ 303 5/21\PX{ &)s 9/7ZI\PX( 5)=12/21-

310 PXC 61817 /7CANPY (L TI3 2/721\PX( 8)= 6/Z1\FX( 9)=1C/ZI\PX(10)=24/21

320 PX(11)818/721\PX(12)s 3/21\PXx(13)a 7/21\PX(14)2313/723\PX(15)=15/21

330 PX(1€1=19/72I\PK(17)s &/721\PX{18)=z B/ZL\PX(19)=32/23\PX(2()=16/21

340 PX(Z3)220/28

350 PY( 1)e O \PY( 202 S/721\PY( 3)2 4/ZINFY( &)= 3/72I\PY( S)s 2/21

360 PY( 6)= 1/21\PY( 7)=10/21\FY( 8)s 9/Z1\PY( 91s 8/Z1\PY(1C)s 7/2%

370 PY(11)x 6/21\PY(12)315/721\PY (130214721 \PY (14)a12/Z24\PY(15)1512/21

380 O2Y(16)311/721\PY(17)=20/721\PY(18)=229/21\°?Y(19)=18/21\PY(200217/21

390 PY(21)=216s21

00 CLS(2)2"A"\PRIANY “INPUT PCSITION OF AS (1 TO 14)°

413 FOR Ix=1x TO NLX=L1X\PRINT xz CL!(I!)'\INFLT PAL(IX)

820 GCTC &4C 1IF CLE(IX)="B"\GCTYC 450 IF CLS(IX)=a"(C"

430 IF 2X*INT (FAX(IX)/2)-PAX(IX)<0Y THEN CLE(IZ412)2"B"\GOTC 4€0 ¢
=L SE CLE(I%Z¢12)2=C"\GCTC W€

40 IF 2YPINT(PAZ(IX)/2)=PAX(TIX)<0X THEN CLE ¢IX+1X)=®C \GCTC 460 ¢
¢LSE CLE(I%e1X)a"A~\GOTO 460

450 IF 2XCIMTUFAX(IX)/72)=PAX(TX) 0 THEN CLE(IZ*LY)="A®\GCTIC €0 &
ZLSE CLE(IT+12Is"E=\GCTO «EQ

GE0 IF CLE(ALX)=™A™ THEN IxaNLZ=2Z\PRINT "INFUT ACGAIN®\GOTO 470 ¢
-LSZ GCSLB §50°

LT0 NEXT 1%
680 IF CLE(MX)I="8" THEN FRINT MLXSCLSIMLY)ININPUT = IRFLY EVEN #%:PAZINLY) &
tlLSe FRINT MLZSCLSINLZ) SNINPUT ® INPUT OCC  #7:PAYX(NLY)

€0 TX=NLXNGOSLE 9SC\NITM=I\FIX=CX\NRY=0Y

SC) PRINT 06,TITLL S _

510 PRINT #€,"F K L 1/70"2 2°THETA IPTENSITYLPAXIPUNSICG0000 (®ABS.INT)™
§2) FOF H12=02 YO FMZ\FCRk K31%30% TO rniX\FOF L2Y1=0% TC LMy

530 GOIC 73C IF h1Texixel 22=(C2
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540 GO0 730 IF Mixexix=0% ANC NLX®INT(L2%/NLY)=LZ7<0Y .

SEQ O02sA2°%(FL2"26ML1ASKLNeKLT™C) ¢CC2L27"2\GOTC 730 IF CZ»>D2F

S€0 NvaNﬁ101z\IT=0\5h=nL c"C’(OZ)\YﬂslTN(SPI<OP(°ah‘201)l t
ATHZ=TF®2\8S2=C2/6\LF=T(1¢CCSTH2)=2) 7SINI(THI=2 /CCS (TH)

€70 H27= k1Y \K2%= Ki7Z\NGCSLY 76C\COTO 696G IF Mirexiy=0 ¢
A\ GOTO 590 1IF Hi23xi2

500 M2ys= Ki%\K2%= kLY \GCSU3 763

5¢€] H2Yz=pkiX \K2 %= ~XLANGCSLY 76C\GAT0 610 IF MiX=KiY

€00 H27s *K1ANKZY==H1Y \NGOSUBR 764
617 H2Zz=t12 \K2%s PFLYLeKLXNGCELE 76Q
620 H21= FLY+KII\NKZ2Y®=H1YX \GOSLB 760\COTQ €5C IF kiy=x1x L
\ GOTQO 690 IF xXi1%=0%
€30 H2%= PLA¢KIANKZYES -K1¥\GOSUl 76¢(
640 H21x -1 INK2%s MLY% eKIANGCSLB 762
650 M2v3 HiY \K2x3=kK1%=-K1Z\GCSLE 764
668 H2Tz=bF 12%=FK1A\KZZs KWIY \NGCSUB 760\GOTO €90 IF nHi113xX1l
670 H2Z3=k1y=-K1X\K2Y= K12\NGCSLA 760
€80 H2X= ELANK2Xm=H1 L=K1Z\GCSLY 7
660 IF L2%>0 THENM IVa2¢LPeIT\GCTO 700 ELSE IT=ITeLP
760 02TTY=INT (C2%40000)\TH2CZ=s INT(TH2*FT,.1800)
710 IT2THC(TRZCAI STITZTRO(TH20Y) ¢IT
726 IF IT>ITM THEN ITMsITA\FRIMNT HLXIKLZL22302T T sTHRCX:"1000(000%"2IT ¢
\PIy=Q NFRIMNT 0€x HIZIN2ZL2230cTT2$TH20X9°140QL00% 72T &
ELSE Ithzaluttionnuoo'ltlxvr) t
\ FRINT H1¥IKL2L2%30ZTTRsTH202SITAY &
\ FRIMT SEL MLXYIKIZIL2YSDZTTXSTHZOXSITAL "/t ¢
\PIZsPI%®LIVIF PIY~4X*INT(FIX/42)s0Y THEMN FFINY #62\PIxsgx ELSE GOTC 730
730 NEXT L2XI\MEXT KLX\MEXT M1
TL) GOSLE 1628 . ]
780 CLCSE 03\CLOSE #6\GCTC 1850
7€0 FEM *838s STRLCTURE FACTCR AND INTERSITY Ssases
770 FCRaO\FCIs0\FARSQ\FAI=sO\FFEaQ\FFI=0\FR=0\FI=0
780 FOF JXs1% 10 NL.162
7s0 Ts’IZ‘(er'X(Jt)onz'thx)oLZZ‘Z(Jz))\FCF:FCROCCS(T)\FCI:FCIO‘IN(T)
880 NEHIT Y
810 ST-(A:C'E)F(81C'SS)0A2C'ExP(BZC'SS'OISC'EXP(BS('SS)OI&C'EXF(8&0‘55’OCC) [ §
SEXFP(FIE® (LHMCO® (H2X™24MHIYL K 2L 2X"2) A2 ULLLC*L2X™2%C2 )
820 FRIFROFCROST\FIsFI+ICI®*ST -
830 FOR JxshL,34_1% TO NL.157%
86l TaPI2° (H2ASX(JIX) IK2ASY LTI 4L 2P Z(JANINFAF2FARGCOS(TINFATI2F AT¢SIN(T)
850 NEXT JX
860 ST (ALA®ENF (BLA®SS) ¢AZASEXF (P2ASSSIAIASEXF(BIATSS)CALAREXP (264ASS)+CA) L
SEXFIFIS® (LHMA® (H2L "2 +H27OK2XeK22“2)%A2 ¢LLLA®L22"2°C2))
870 FR3FROFARASTA\F1laFIeFAlIeST
880 FCF JushL,.,15_1% TO NAY
8sg f:FIZ'(rz:vxth)oxzt‘v(Jt)osz‘Z(Jtii\FFﬁaFFRoccs41)\FF1-FFIo<Ih(T)
900 NEXT Ju
910 STu(ALF*EIF(BLF¥SS)IGA2FSEXF (I2F*SSI+AIFPEXF(BIFOSSICALFPEXF (BLF 9SS)+CF)
SEXF(PIS® (ILUHHFO (H2X "2 ¢H2XPK2L4K 2L "2)%A20ULLF®L22™27C2))
9239 Fn:FaoFra-sr\sxnsxosrxosr
930 ITSITeFR=ZeFI™=2
943 RETLRAN
GEQ REM %933 ASSIGN X, Y AKC 2 *%esse
9ED T1a%=1%%14XY\GCTQ 950 IF CL®(IX)="B=\GCTG 1210 IF CLS(IXr=™C*
970 I(T142=13%)=PXC LINX $I.eZ=12%)=FX{ I\X(Tl6%=2120=FX{ &) 1
AX(I162=1CV2PX( BI\X(IL02= IX)2PX( 7I\X(I16Z- 8TVzPXL &)
AX(I1hx= 7YV=2PX(L0INX(I1e2= 0¥)2PX (11I\X (14~ S¥)=PX(12) 1
AX {1262 X)afFX (1) \X{Itu2= 3X)=PX(L1EI\X(T1bX~ 2ZT)2PX(18)
AX(Itbx= 1X)2PX(19)\X(I106Y )y=PX (21)
G80 Y(T14X=13212PY( 2INY(T162-12%)0zPY( 3I\Y(I16%=11X12FY( &) ¢

AY(ILRY=LC)=PYl BINY(Ila%= 3IL)SPY( 7I\Y(I1ky~ 8x)zPY( 8) L
\NY(It42- 7!):5'(10)\1(11&.1- 62 =2PY (11I\NY (I 42~ E2)2PY(12) &
NY(I16%= LX) 2PY(1a)\Y (T14L%=- 3X)aPY(L1E)\V(Itlhy~- 2X)=PY(18) L
\Y{I146X= 1X)2PY(L19I\V (1462 )aPY {21)\GCTC 1030
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990 P(I16%=13%2)3PX( LINX{Ii9X=12)=FX( 2I\NX(T142=41%0=FX( &) L
NXCIL6X=1CX)=FX( SINX (102> 3X)2PX( BINN(T14L%Z~- EXI3PX( G) %
AX(IZa%= TX)3PX{1LINX (IleX~ EX)=OX (120 \X([1d%~ S2I=FX{12)
AX(I16eX= X)3FPX(15)\X (24X 3TV 3PX(L1EI\X(I14%= ZX)sPX(17)
VX {Ile2= $2)3PX(19)\X (14T )=PX (20)

1005 Y(I142=132)3PY( 10 \Y (216021220 3PY( 2)\Y(I16%=112)3PY( &}

[ ]

ANY(IL4X=102)2PY( SINY (I1eX~ 2I=PY( BI\Y(I 14y~ 8Y)=PY( )
\Y(I142e TXV2PY(LLI\Y (I162= 6X)2PY(12)I\Y(T1hZ~ S2VsPY(12)
NY(L1a2= aX)3PY(LISI\Y (I1a%= IV 2PYLLE)\Y (1~ 22)sPY(17)
\NY(I142= 12)aPY(190\Y (I1e2 Y 3PY (200\GCTO 1C3Q

1010 X(Ila%x=13%)3PX( 2I\X {T20Xx-12)3PX( II\X{T14~-31%)V=PX( §
AX(I102=102)3PX({ BI\X (Il IAISPX( 7I\X(IbX~ 8TI2PX( 3
AX(ILhx= 7%)3PX(10I\X (TLoX- 67V 3PX(LI)\X(T L%~ SY)zPX (14
AX(J142e LXY)2PX(L6I\X(T2eX= IXI2PX(LITI\R(I 14~ 22 )sPX (18
\X(Il1a%= 31X)=PX200\X (I142 YsPX (21) :

1620 YUI18aX=12X)03PY( 2)\Y(T14X=120)3PY( 3)\Y(J14X=-11T)s2PY( €)
NY(I1aX=20X)=PY( BINY (42 IXI2PY( TI\Y(I1h%~ eX)zPY( 9)
NY(IteX TRISPY(L0)\Y (I142= 6L 2PY(LII\Y (I 14T~ STIsPY(i4)
AY(I14%= 4XIzPY(L6INY (T26%= 3X)3OY (17I\Y(Ilax=- 2%¢)zPY(18)
\Y{I14X= 12)2PY(20)\Y (I142 }2PY (21)

1030 pEr 398808 “sEhIc _x" ) ..’...

1060 TIXahiX®14%eIX\GOTO 1203 IF CLS(IX)=2"B"\GCTO 135¢ If CLS(Ix)=z="C"

105C ON PAX(IX) GOTO 1060+2C070,1080,109641200,2210,1220 ¢

91130+2340,1150,11€8+1176,1180,1150

1060 X{TIX)=P> U LI\NY(TIZ)=RY( 1)\GOTO 1500

1070 X(TIXI=PP (18)I\Y(TIXZ)I=PY(18)\GOTO 1500

1880 xlTI!)-P)(19)\1(712):PV(;§)\GOIO 100

1090 X(TIX)=2PXxL IINY(TIXZI=PY( 3)\GOTO 15COQ

1103 X(TIX)aPI( LINY(TIX)I=FY( 4w I\GCTO 1508

1140 X(TIXI=Pxt SINY(TIY) 3PY( 6)\GOTO 1%00

1427 XUTITI=P X (L1 \Y(TIX) zFY(41)\GOTO 1€CQ

1130 X(TIX)=PX( 7INY(TIY)SFEY( 7)I\GQTO 1E5CO

1160 X(TIX)=PX( B)I\Y(TIX)=FY( 8)\GOTO 1500

1180 X{(TIX)=PX (10)\Y(TIx) aPY{10)\GOTO 1500

1160 X(TIXI=PY (L2I\V(TIZ)=FY(12)\GOTO 15(Q

1170 XATIXIZFX (1ad\Y(TIX) 2PY{14)\GOTO 1538

118 X(TIWI=PRILS)I\Y(TIVIaPY(L15)\GOTO 15CQ

1190 XU(TIXI=PYI21)\Y(TIX)2PY(Z1)\GOTO 1500

1200 CM PARI(IX) GCTO 1210+4222€C,1230+21240+1250,126C,227¢ t

) 912600129C,1200¢2328+12264133C41240

1210 XATIx)z0x (17I\Y(TIX)=PY(17)\GOTO 1508

1220 X{UTIX)I=PR{19)\Y(TIX)=FY(1S)I\GOTO 1500 °

123C X(TIX)=Ox(20)\Y(TIY)=PY(ZQ)\GOTO 1500

10 X(TIXI2PIE LINY(TIZYSPY( 1I\GOTO 1500

1280 X(TIXI=Py( 2I\Y(TI%)=2FYL 2)\GOTO 1560

1260 X A{TIZI3PYU LINY(TIZ)I=FY( &)\NCOTO 1580

1275 XATIXV=PX ( SHNY(TIX)I=FY( €)\GOTO <500

1230 X(TIx)=P>x( AI\Y(TIZ)=PY( 8I\GOTO

1290 X(TIX2)=P>( IINY(TIX)=PY( 9)I\GOTO

1300 X(TIXYI=PX (L2 )INY(TIXI=FY(11)\GCTO

1310 XTI =P ELEI\YUITIYI=PY(1€)\GOTO

1320 XUTI%I=2P>E12)IN\Y(TI%Z) 2FY(12)\GOTD

1237 XU(TIZ1=PY (L 3IINY(TIYI=FY (129 \COTI 15¢CQ

2I6] XATIYI=PX(LEINY(TIZ)ISCY(1E)\GOTO 1E3¢

L350 CN FAZ(IX) GCTC 13604127C,138C413GCo10CCo12Co242C ¢

91930 020419504100l ua?Cy3080s14S0

1363 X(TIy)=Pxl 6INY(TI%)=PY( €)I\GOTO 1500

1370 XU(TIX )=l Li7INY(TIv)=PY{L7I\GOTO 15CO

138, XTI T1=PY Q13 INY(TIYY=FPY(LBINGOTC 1520

1393 XU(TIx)=Px{20)\NY(TI%)YSFY(S0)IN\GCTO 1560

1603 XUITIXI2PI (21INY(TTI2Y=FY(21)I\GSTC 16CO

1410 Xx{(TI2)I=203 L 2INY(TIXY=FY( 2)\GOTO 1500

122 XATIXI=PI( 3INY(TI%)=2FY( 3IN\GGTO 1500

1430 X(TIZ)IsPY L SI\Y(TI%YsPY( SINGOTO 1500

1ebl X(TIXI=PY( THINY(TIZ)I=FY( 7)\GOTO 15(0

14%0 XU(TIx)sPXl IINY(TIX) =PY( 3IINGOTO 1500

L1460 X(TIX)sPY (LO0)NF(TIXI=PYLLCINGOTO 15C0

1470 X{UTIZIsPR (LIINY(TIZ)=PY(L13)\GOTO 1%C0

mes g0 ™
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1482 X(TIX)
146460 X(TIX)
1500 RE® *
1510 NIxsaL
1520 GOTG
15833 Tax(7]
\NTax{T1]
\Tsx(T]
\T=x(T]
\T=X(T]
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2PY (LQ)\Y(TIY) 3FY(14)\GOTO 15CO

SPX (16 \Y(TIX) aPY(1E)

20 FLUCRINE XxyY tovss

2%1¢xeIx%Ex

S0 IF ZI‘INT(FL!(lzi/Z)-PA!(II)<(!

X) 2w /2INXUINIY=CX )3T INT(TINTSY(TIZ) 41/ ZINY(NIXZ=5)=T=IPT(T)
) o1 72INX NI~z = INTUTIN TS Y (TIX) =S/ 21 \V(AIX=6X)=T=INT(T)
Z) 4572 INXINIX=3U)=T=IAT(TINT=Y(TIX) ¢4/ 21 \Y (AIX=22)xT=IAT(T)
2V =G/ ANXINITL=2 =T INT(TINTRY(TIX)=be/ 2L \Y(MNIX=22)2T=AT (T}
XY 46 /72ANXINIY= 1) sT=INT(TINTaY(TIZ) =1/ ZI\Y(NIXZ=1%)sT=INT(T)

", e g

\TaX{TIX) 41721 \X(NIY VaT=IMT(TINT=Y(TIV) 45/ 2L \Y (N]Y )= T-IBT(T)\GCTO 1589

1540 TEX(TIXV=8/21\XINIZ=5%)zT=INT(TINTaY (TIX) /2L \Y(NIY=5)=T=IAT(T)
AT2X(TIX) 66/2INXANIZ=6X)aT=INT({TINT2Y(TIZ) =1/ 21 \V (NIX=4X)sT=INT(T)
AT=X(TIX) 1/2AINXINIZ=37)3T=INAT(TINT2Y(TIZ) 48/ Z4\Y (N[x=3%)aT=INT (T)
ATaX(TIR) /23 \KINIZ=20) s T=INT(TINTRY(TIT) 44/ 2 \Y (NIZ=2X)=T=-IAT(T)
AT3X(TIZ)=1/28NX(NTX=22)2T=INT(TINT=Y(TIY)-5/21\Y (NIx=1%)=T=IAT(T)

e 9% gn go

\7:)(TI!)‘5/21\X(NII YaTl- INT(T)\T:Y(TIZ)Oh/‘I\Y(hII Y=T=INT(T)

1583 REM ¥

'8 35038 z 22222 LARE X2

15€ I7.6_ 187.6‘(!!-1!)
1570 FOR JXaN1%-5 T0 NIY=3\Z(JX)2(I7.6_142.8) /C\NEXT Jx

1583 Z(TIx)=
1590 FOR JX=NTX=-2% TO NIT\Z(JX)a(I7.6_1+6.8)/C\NEXT Jx

(17.6_1+3.8)/¢C

1600 FCR JXsli4%=13% TC Ilhl\l‘Jl):I?oG 1/7C\NEXT J%

1€10 RETURA

1€20 Rap o
1€33 PRIMNT
1€au PEIANT

1E50 PRINT
\
\

1€€3 PRINT
1E70 PRINT

1€8u PRINY
1€S0 PRINMNT
\

\
1700 FCR Ix

s .FEIhTCUT s9 340
PENFRINT OG.Y‘TLES
#6,"A ="3A,"C = C'"HAVcLENGTh -“'HL'“O OF LAYERS -"hL?.  §
‘™9 OF ATCPS ="tdavy
#€ ,°UNN AND UL I=\PFRINT #6," FOR (3 "SURECIULLC ¢
PRINT 86, FOF As=s “SubklsLLLA &
PRIMT #6," FOF = "IWWPEHFIULLF
06 ,"# CF CALCULATECL REFLECTICMS ="3nNRx ¢ L
*“No (0C1) reflactions excect wrer 13(f cf lavers)®nr®
06 ¢"MAXINMUM 21/072 2™502M¢
06 ,"ANAME OF TERMAIMAL FORMAT, & CATA FILE =z"(FILESI"(.TFF, & ,0AT)"
06 ,"CARECN AMND ARSEMNIC SEQUCMCE ="\FOR I%=1% TO NLY &
FRINT 98, (" ISTRE(IZI ™) "SCLE(TIZISPAY(IX)S ¢
FRINT 06 IF (0%%IMpT(I%/710%)=I%230%\NEXT IX\FRINT ¢6
0% T0 TH2CPENIT2TRCP2IT2THC(IX) iF IT2TRG (1) > IT2TROMANEXT Ix

171 RESTCRE 03

1720 FCF I
1730 1IT2TrC.
1743 FOR It
175) FCR JX
1763 PLOT & (
1770 FCR xX
1780 GOTO 1
1793 TIitsaIMd
1806 IF T1x
ILSe FL
1810 NEXT L
1820 FCF Iz
1830 IF T1y
tLSE GC
18640 IF T1Ix
ELSE ¢
1850 NEXT I
18€0 FCFR LX
1870 NEXT J
1880 RETURMN
1890 ENC

207 TC TH20MYNIT2THCIIX)3ITZTHRO(IX)I®99CSS/ITCTHON
CRTAY=INTLIT2TRCCIX)IINPLY O#3IXANEXT I

20 TO 7X\PLOTS (6% )=FLCT $wx) ¢°0122365678C \MEXT IX
26X TO INT(TH2CPX/EC)

SY)ISUON\FCR I7=0% TC 3Iz\PLOTS(Ix)s®“\NEXT IX
s8C2°JX TO 807°(J7%41X)=1X\FCR L%=0Y TO 3%
220 IF K%>TH2DHY

TUIT2THO (KXY /(16" (%=L D)

20x THEN FLCTS(LX)2PLCOTS(LYYI®™ © ¢
CTAILE)=PLCTS (LX) +RIGHTS(STRE(T IX) JLENISTRE(TIX)))
INPEXT XY

282 TG 7TA\TIZ=8%%J%+1X
2810 THEN PLOTSISX)3PLOTE(S5X)¢"*"eSTRE(TIX)¢" *\GCTC 1450
TC 18.0

>z THENM PLCY!(‘!)IPLOT$(5Z)0‘0'0<79!(711|0' “\GOTO 12850
lOY{(SX'-PLCTS(S!)O"O

x

202 TC SZ\PRINT #6,FLOTS(LXI\MEXT LY
2




128
(HKL )=(1II) model

102 INPLT “TITLL="STITLLS

110 INPUT *NAPE CF TERMINAL FCRPAT FILE /NAMECOGAC(.TFF)/™:FILES

125 OPEN FILEY*™,TFF™ FQOF CLUTFLT AS FILE €%, RECORCSIZE 132%

133 0In FLLTE (EX)

1643 81022, \G31C220e8+43C\LZC21,02 NEZC=210.207S\23C=1,5L8€E\E3I(=,5687 ¢
\AQ(Cz, 8¢5 \BuC=51.6512\CC=.,2156 '

185 A13=1€.6723\014=2,63-5 \AZA=E.G731\82A=.26L7 \NA3P=3,421I\B34=12,979 ¢
NALAZ 4L 2TTE \BlUBshT.7372\CH=22.5

160 A1F=2,535¢ \31F=10c2EZ‘\lch-oéhlz\EZF°1o¢99§ \P2F=z1e517 VBIFs.201F & .
NAFz31.020d \BWuF326.,17T6\CF2,2776

170 ML=1.5638\6L_22,7709\NWLZ=kL "2

180 P15=2-F1~2/50\P1.1800=21800/FI\FI222%FI\PZ1sPT2/21

190 PR IAT "INFLT UNR ANC UL FCR C, As AND £ (UkksUinPiUrksiPkr/s2:tnk=Urlz()" ¢
\INFUT "FOR C=SUHRCOULLCNIMFLT “FOR As™tUFFALULLANIMNALT ™FCR F ™ IUHNF ZULLF

200 A2Zoew5€%7 N\ 2 e\A2EL/A™2/3I\C221/02\221,L7C\NCZ%=0861"212

€10 D2MM=4/RL"Z\PRINT “EPTER LFFER LIMIT FCR 1/0"2-=MA)XIRMUYF ==I102PHM\INUT D2M

220 02+r=C2kr 1F Q2F>C2PP\LP=1/SCR(D2M)

230 SNzHL/ZLP/7e NTH2DMY2INT (ZCATH (SKN/SAR(=SNTZ¢1)V I FI 1800

2640 DI ITZTHL (X 4TH2CP%) 4IT2THCFIEL,THZCNHY)

250 MM 2INT(SCH (3)2A/2/0P)I\LHYSINT(C/DNR)

2N ITH:L\FF.FT !6.TXILE '

280 PRIANT 6€," 17072 2°THETA INTEANSITYsPAXINLM=1(3C000 (PABS.INT)™

285 PRINY oé.'l H1 Kl AFI & § R ¢ CAo*

260 FCF mix=0x TO MMX\FCR X1xs0Y TO H1x

261 PRINT /" hi1XSR1IXI\PRINT 06,/ sHLXTSK1XS

265 HK2X2F 1™ ZX4HI1%®K 12K 1"2Y

2S¢ AFJ=CCS(PIZ*MK2T/TRI\NFRINT AFII\PRIMT #6,AFI:

297 GOTC 460 1F COS(FI2°»X2X/T%)<(}.993%

28 PRINT - ®9=3\PRINT #6,"%":

300 AHKC=A2%MK2INGCTC 460 IF AHK2>D2M

210 D2MExAPR2\NSNHKEWL_2¥SOF (DZHK)INSNHK 22 INHK=Z

320 TH2OHK Y2 *ATN(SNHK/SNR (=SAFK241 1) %P1, 1800+

330 GOTC w€C IF TH2DWKX»=THZOFY

360 H2%E P12 \K2x= K1XNIF FixexXix=0Y TPREN PFPY=1% ELSE ME%s2%
361 : GCSLB “+8IN\CCTC 4€Q0 IF H1Yexi=lY

345 ’ GOTO 330 IF ¢ix=zKiY

350 M2z K1I\K2%s M1Y \GC3LE 8¢

390 M2%= PLix¢RIXNK2XZ=F1Y NGC3LB «830\COTC 4€0 IF Ki%=3Y

400 H2%s=H12 \NK2%= HLIZeXiUNGCSL3 «80\GOTO 460 IF M123K12

410 H2ys ~K31YNK2XE MY ¢K17\GCSUB <83

825 M27%z PLX+ELIANK2Y= “«K1INGCSLY 8¢

LEO NEXT K1Z\MEXT mix

70 GOSUB 10SC\CLOSE #6\GC™C 1423

480 REw Sssss (|| (| sesss

€G] 3T=FZ1e3® (F2YeR2UI\AP=FZL 902+ 2% +K2XINCAF=COS (AF)
€00 3=1¢2°(COSIBT)eCCS(2%8T1e (IS (3%0T))

§1) Pzye2°CaP

515 PRIAT "G=iFtPICAFI\FRINT #€,"2"IRIFICAP:

§20 IF 23S(R1«C.30J1 THEN FL%=I%\GITG 5L ELSE 522
522 IF ZES(F)e(aC0C2 THEN FLX2ZINGOTI 54G ELSE 524
€2c IF CAF>(.S593 THEN PL%21%\GCTC 620 ELSE £3¢
535 PRINT "IGHCF_C=I\FRINT 06, IGNCRED=2\GCTC 750
$e0 FCF THZCZ=THZOFKY TO THZZPY



)
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SEC THzTHZOZ®F1/36LC\THZ2THROZNSA=SINITH)I\SKZzSM"2\SRCSP2=SC0F (SA2-SNHK2)
€0 3CPSRCSNZ/WL_2\LFTH= (10CCS(TRZ)I™2)/SA/SRDSN2

573 $S==-Sh2/ML2\CL22C2%L "2 \GISLE 760\GCSLA 813

580 [TaIT LRTANIT2THO(FLY,TH2LZ)=IT2THC(FLZ,TH20X ) ¢IT 2P0y

SSJ IT2THC (b o TH20X)aIT2THC (22, TH2DOY) ¢ ZT NP Y

600 NEXT T+201%

€19 GOTC 750

€20 PRIMTVFRIMT @6NFCR L2%=0% TC LMY\L3L2YX

633 GOTC 7@l IF hizexiXeL 22232

640 CL2=CC®*L"¢

6E) J22AmMKZeCLZN\GCTC 740 IF DZ>C2¢

660 SN3aWL_2°SCRICZINTHEBATAISA/SCR(=SN"C*11)
\NTH2=TH®2\$5a=D2/76 \LPx (14CCS (TH2)1"2V/SIN(THI=2 /CCSLTH)

67J GOSUS T¢€C .

680 MIZ=H2XI\KIX=K2X\L3=2L2X\GOSLE 95(0\IT=A8"2

700 IT=ITOLF\IF L2%>0%x THEMN LPFY=22Y ELSE LMFY31X

710 J2TTU=sINT (L2%1000C0) \TH2CLsINT(TH2*PT,1800)

70 IT2TINC (L2 THZOX)=IT2THE (L2, TH2OX) ¢ IT*HPL*LNPY

733 IF IT>ITM THEN ITNaIT\FRIMT H22eXK2XL2%202TTXsTH2022 100CC00*"21IT ¢
\Plx=( \PRINT #E%,H2ZIK2XSL2%302TTEITHACYS®1000CE0*=2IT ¢

elLSE ITAx=JAT(100000G0°IT/ITH) &
\ FRIMT H2X3K2%3L22302TTYITH2EXS ITHY ¢

\ PRINT #6%Z,H2X3IX2X U 2%302TTXITH2LY ITARZI®/ % &
\PIz=PJz'L1_IF PIZ-4X*IMT(F1x/4%)30% THEM PEINT #aX\PIZ*0Z ELSE GQTC ?90

T 740 MEXT LZX

TS PRINT\FRIMT @&
750 RETURM

TEQD FEN °%%8s SCATTERING FACTCRS ss3s9s
770 SCal®(ALCUEXP(BLICYSS) ¢A2CPEXF(B2C*SS)®AICPEXP (BICPSSY +ALCOEXFP (BLC®SS) +CC) L

PEXF(FIES ILHRCOARKAULLC®CL2Y)

788 SASZ'lle'EXP(BIA‘SS)QAZA'EXF(BZA'<$l0A3A'EXP(ESJ"S'O‘#A‘EXF(B#A“S)OCA) 3

SEXF(PIS® (LHHASANRKZHULLA®CL2))

TS0 SFx2® (ALF EXP(BLFOSS) dA2FSEXP(B2FSSSIHAIFOEXP (BIFISS) ¢ ALFSEXF (BUF*SS)¢CF) L
SEXPIFIS® (LEMFOANK22ULLF*CL2))

800 RETURMN

810 REM ®%%%e STRUCTLR: FACTCRS L INTLASITY ssaes

820 H3%snZX\KIx=K2Y\L 3= LA\GCSLE SS0\AA1=AE

837 M3INax2X\KI2=M2X\LIs=L\GCSLE S50\AA2=4€E\A2=A AL ¢AA2

840 H3IxzH2X\KIY=K22\LIZ=L\60SLE 350\331=48

850 M3I%ak2X\KIX=H2Z\L3I= L\GCSL?2 S50\832=A8\E2=PB] +882

8€) JO3(AML"24AA272488172+88272)/4

850 ITaNC22%JG\GOTC 940 IF PLI=32

S00 P2L=FI2eL

910 T=(Z+CAF) 2 (1¢2%COS(F2LYI®(AAT2=-4"AA®ER4+337 ()

920 T=ET+6°SINIAPI®SINIF2L)®(A£=2-8R"72)

938 IT=zIT=-8%K"2*(1-CAF)*T/(S+4°CAS(P2L))

G40 RETLRNAN

GEQ REM S9988 AR sss0s

9€G PH2K1:F‘1'(2‘H'!0K371\FNKaFal'(H37-&3z!\Fb1K2=¢‘1'(H3202‘K’20

S€ES PHIKGEFZLY(I®HITIIOXTALINPL=FI®* I\P2L2=PI2%.3%2

Q€8 TC=0\TF=2;\TAZ(Q

S€9 GOTC 981 1F PLY=3Y : '

970 FCA Hl C% TO 6XI\FOR N%=(JY TC €2

G75 TaZZLi018(pa®H3YeNY*KIy)=-0L

98; TC= Ycocr°(T)oCCS(To;n¢r1)\nex1 NINNEXT MY

981 GOYC 1020 IF AFIc0.93¢s

9e2 FCF M7=y TC 6Y\MPFRIKG=Py*FR3INg\TzPFRINI=FZL2Z

1030 TFaTFeCCSUIT=PrR2KL)ISCCE(T4PEX)I+COS(TePFLIK2)



101.
182¢

1030
104y
1CS¢
1Gé&
107)
1080

13090
1100

1110 FCR Ix=0x TO 7A\PLCT S(wx)=PLCT $(w2) ¥ 012345678S \0EXT I

TizTA¢COS (MPHIKS)

NCEXT PY

AZs2%SCPTC+2*SFeTFecA®TA

RETURN
REP 9o

PRINTCUT

PRINT SENFRINT #6,TITLES
PRINT 46,4 ="%4,%C

PEINT 80€,"

PRINT #6,"FAXIMUM 17072 3"302M°¢
NAME CF TERPINAL FCRMAT FILE IS "FILES"( TFFI®\ERINT #¢

ERIMNT #6,"

1120 FCR FXxiX TO GLI\IT2THCM=(

1125 PRIMT “NEGATIVE 2TH™\FRIMT #6,“NTCATIVE 2TH"

2UeCo"RAVELENCTF ="2WL
PRINT #6,"Unn ANG UL I\PRINT #6,"
PRINT #86,"

FCF =
FOR Asz
FOR

F--

“LERCIULLC *
“IUFMAIULLA 8
WERFIULLF

130

1126 FCR Ix303 TGO TH2OMY\IF IT2THC(HY, %)<l TFEN.LYZIrE(u 2120 3=-JT2THR(KZ.1I2) &
\PRINT MZIIXS=/™t\PRINT #€,IX3*/*; ELSE 1127

NEXT IX\FRINT 06
TG TH2OMINIT2THCPaIT2THO(RYL +I%) IF IT2TPC(HZ,IX) >IT2THOM\NEXT I

1127

1138
1135
1140
1149
1163
117
1180
1190
1208
121g
1220
123
1240
1¢c0
12€0
1276
1282
1%
1333
1312

T 132

FCR lxs012
GCTC 115¢
FO# Ix=01%
NEXT P2

FCR H%=5y
FOR Ix=2012
NEXT k2

FCE kXs12

ON Fx GOTC 1220+222091223Ce12c40+12504+1260
PRINT 86,81 Fe<>J AND COS(ALPHA)=1

IF IT2THCOM=Q

TC THZOMXNIT2TPCF(HZ I L)=IT2THO(HR T2 2SS9/ T2THEP\NEXT X

T0 €x

TO TH2OMXINIT2THOF(HYIX)I=IT2TRL (MY ~aXy,12)%¢

T0 6%

SHARES\GCTC 1270

PRINT 66,62 P<>0) ana F=0"\GCTO 1270
PRINT 06,03 P=Q=\6GO0TO 1270

PRINT 06,704 = 03 ¢ 02

PRINT #6,%85 = #2
PRINY 86,06 = 83 NCFFALIZSC BY #4"\GOTC 1270
FCR Jxs0y TG INT(TH2DNYZ/80Q)
PLCTY(SX)=™="\FOR IT=0% TC 3Z\PLGTS(IX)=z""\NEXT It
FCR Xx=80x%3%x TO 80%%tJy+1x)=1%\FCR Lx=0% TO 3%

GCTC 134( IF KX>Tr2DMZ

ERCAQ™\GOTC 1270
MORPALIZED BY #47"\GOTO 1270

TIASIMT(IT2TRCP (ML KX) /7 (20°(I7=L2)))

IF TIXa02 THEN FLCTSILX)sPLCTE(LY)e™ *
eLSE ‘LC?!|Ll)=PLOT{(LZDOFIGNT$(STRS(TIL!,LEN(‘TF!('IZ’))

1330 NEXT LI\MeXT KX
1340 FCF Ix20x TC 7X\TIzz82%J%elY
THEN FLCTH(SY)sPLOTS(SX) ™o eSTRE(TIZ)*"

1360

127¢
1380
129¢
1«30
1610
1421

- 1380 IF Tlt>=1(
o cLsg GCYO

13€¢

IF T1X>=1 ThHEN FLCTR (521 2FLCTS 57)0“"0<T$!(T12)0'
ELSE FLOTEISYI=PLOTE (5%) ¢% %y

NXT I

FOR L2302 TG SY\PRINT €€ ,FLCTSILYZINMEXYT LY

NEXT J2%
NEXT w2
RETURM
ENC

999/ IT2THCMVNEXT IV

“\GQTO 1378

“\COTO 1373

-
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(hk£ ) model

100 INPLT “TITLE®SITITLES -
‘410 IMNSLT *NApe CF TERMINAL FCRPAT FILe /NLMESQO9GG(,TFFI/™IFILES

120 OPENMN FILES+™=.TFF™ FGCR CUTFLY AS FILE #€e%.RECORDSIZE 1327

132 DIF FLCTSCEYL) o XXIIAV oYL {2%) L YR(3Y)

140 FCF Mx=1% TO JX\NXX{MY)=3I*Fy\NEXT MY

160 YL (1Y) 2O\YL (2% ) m=3\YL (3%)s€

160 YR{1X)I==~H\YR(2X)SI\YR (22)=22 _

170 A3321E.E723\21A82,€63ws VAZAZELCTIINEZAZ2€? N\NBTIA8=23,L313\EIN212,9479 ¢

NALABL cT7¢ \348847,7372\CA=2.531
180 A1F 21,5267 \B1Fa10.2 825 \ACF 22,6612 \B2Fzws29ht \A3F=21.517 \E3F=,2€1% &
NAGF=1,0202 \B4&F=2E,14T7E\CF=.27T76

160 WL31e564180L_2=.7709\WL2=0L"2

207 PISz=FI=2/5C\P1.1800=18C0/FI\FI2=2%FI\PC1=PI2/21\FTsPI2/7

205 INPLYT ®"L11 FCR As an1 Fo:LLLALLLF

210 INFLT “"Unr(zUkua2Urk) for As and FUSLHFA.LFHF e o

220 INPUT *SI2E OF DOMAIN (PULTIPLE OF 2.45E°*T)™¢NA

230 PNAZPI®MANANZE (L®%L9°NALY™2 ’

240 A2, 45€E°T\A2=4/7A"2/3

257 C=27.6\C2=1/7C"2\2=21/7. €

2€0 INPUY™EMNTER LOWER AND UFPER LIMITS FCR 2°THETA®STHZMIN,TH2MAX

270 D2PINs (2%SINCPI®TH2ZPIN/36C) /WL) “2\C2PFAXS (Z*STMIFI*THZMAX/3€0)/NL) 2

Z!U OMAX=1/7SOR (D2MAX)

2S9 SN=WL/ZCPAX/72\TH20OML=IAT (2®LATM(SN/SQR (=SN"241))°F1,1800)

300 DI ITESTHL (2% 4TH2OMY)

313 INFLT "k, &; AND L BY® 3NN

320 HNMAXZ=INT(NN®SOR(3)®A/72/CMAX)

330 LNPAXX=INT (NN®C/CNAX)
340 ITMEINFRIMT 06,TITLES -

350 PRIMT 0€,°FNY KNY 1/C~Z 2°THETA INTEMNSITYSPAXIMUP=1000000(®ARSLINT) /=
360 PRINT ¢€,"and/or HNY KNY IT (for negative iIntensity)s®
370 FCF HAXE0X TC WNPAXY\FCR Kkhx30x TO NAY

380 GCYC 530 IF MNReKNI=GZ

360 HizhNX/AN\K1IZKNX/KN

810 HK22H1"2¢F1%KL¢K1"2

420 ArK23AZOHKZ\GOT0 530 IF AMKc>»L2MAX CR Ath<02th
&30 50710 530 IF AMK2<D2MIN

Q40 C2HK=AFPK2\SNMKzHWL_2°SAF (CZHKINSNHK2E SNMK™2

450 TH2CHKX22%ATNISNHK/SQF (=SARK241))°PT.3800¢1

460 GOTIC S30 1F TH20MKX>=THZDPY

470 H22 HL  \K2®  KI\CCSU3 €50

Leo \MF=e\PF22 JF HNYZKNY

G0 M2z Hieki\K2z=¥k] \GCSL2 55¢

506 \MF=L\MFE=2 IF KANYzQ0X\GCT10 £20 IF MN%=zkNY CF KN7=0%
510 H2= ~K1\K2s FL1eK2\GCSUB 553

520 \MPz4

SI0 NEXT KAX\MEXT #NY

S40 GCSLB 111CVHGHT=( ?75\GCSLE 1MTG\CLCSE SENGCTC 157¢C

550 REM ®9%33 TATENSITY evoss

552 T1=0\T2=0\FOR m2=0% TO 3%

S84 TA1sT14CCS(FToH2OMY)\FCR Nx=-3% TO 32\743720COS(F"(HZ'H70(2‘N2"
556 NEXT MNIANLXT PEINQaT1eZ2®T2\(:=C"C

S€0 FCN LAh220Y TO LNMAXY

573 L2=LMINCLZ=C2%L272\02zukx (L2
580 GOTC 8cC IF 02>02MAXx Ck DZ<(C2MIN

620 SA=WL_2°%SCRID2INTHSATINISM/SCRI=-SN"291)) ¢
NTH22Tpo2\SS=2=D2/0\LP= (L4CCSUTH2)IT2D/SINITRI=2/7COS (TH)
€30 GCSLE B&4GNCCSUA 883



640
650
6¢&0
€€5
6740

640
6¢0
700
710
720
730
740
750
7€0
170
740
7¢0
8400
810
820
8340
840
esg

L11)]

873
8¢e0
8¢
9C0
91.
9¢:2
930
340
953
960
970
980
960
100u
1010
102¢
1030
136y
1850
10€0
1070
108
1050
113¢

SHaSIMNI(F2*FI)I\SKaSIN (K294 ]) ]

IF ABS(SM)<€0.0001 TPrEM Skabd ELSE SkaSIMN(RZ®*PAAYZSH
IF ABS(SK)«0.0061 THEN SKuhd ELSE SKkzSIM(K2%PAA)/SK
SN2 (SHOSK) ™2

ITs(MNZOAE~-Q2%AABBT2%SN2)¥SH2% L FoNP ) \

GO0YC 710 ’

PRIM FAYSIENYLIITSI®/®: 'IF IT«-0.1

PRIMY Q€ FAXIKNXSITI™/"2 IF ITc<0,.1
D2TTI=INTIC2%10000) \TH2C Y2 INT(TH2*F1.1830)
IF LNY>.5 THEN LMPs2 ELSE LrPs)

IT2IRC (1L, TH2CR ) IT2THC (12, TH20X) ¢ 1T oL MP

G0YC 830

IF IT>ITM ThHeN ITM=IT (LSE 750

PRINMNT FNIIRAXS CZTT!‘TPZG!"luOCUBQ"'IT
PRINT lez.th.xNz.DZTTz:TPZOZ:“tGUOGCﬂ"'IT
GCIC ezo

ITANZ=INT(1300000°%IT/ITH)

PR INT FAXSKNZSO2T TR eTH2C%sITNYL I /™
PRIMT #EY%+MNLIRNZIC2TTYS Y*2C7=IThz='/'=
NEST LAY

FETLRM

REM 99228 SCLTTERIMNG FACTICRS *%2ss
3Az(ALA%EXF(318°SS)4A2205 0P (32ASSI #23APEXF(BIA¥SS) 0L A% LXF (BLAYSS) +CA)
SEXF(FIS® (LHHASARK2ULLA®CLZ))
SF=(A1F Z R (BLF SSIMA2F I NF(T2F O3S I4AIF2EXF(BIFPSS) ¢ALFREXF (3LF*SS) +CF)
SEXF(FIS®(LIFFoAFrR24ULLF*CLZ))
RETLFN

REP %30 IATENSITY ovesas
L3=L2\CGCSLE $3LN\AAL=CLN\E3Z=FR .

32=LZ\GCSLE S2G\AA2=FR\IELsFL

882 (821°20482°2459272433272) /4\AAIGaLALPAAZ+BEL43EL
RETLIN .

REM ossss | sssss

PH2KLZPZL Y (2%H2eK2I\PHK2PZL1 ¥ (H2=-K2)\FHLIK P21 % (H24Z%K2)
P2L2=F1Z%L3*2

TFLa0NTFR30\TAL=0\TAR=0 .
FTFCsCOSt=Fr2K1=P2LZ)*CCS(FHK=F2LZ) ¢COS{FFLK2=-FCLZ)

FOF mMx=1X 7O 3%
YGFZI'(HZ'IX(H!)o(Z'VL!Hl‘!

TFLsTFL+(CS(T- FHZKl-FZLZ)OCOS(TOPFK-PZLZ 4COS(TeFrIX2-F2L2)
TFLaTFLOCCSITOPHZKL+F2L2) ¢COS(T=PrKeP2LZ) 4COS(T-FPL1K24F2L12)
TALaTAL+CCStT)

TaF21%(HZOXX (MX) EK2%YR (M2))
TFRaTFROCCSUT=-PHIKL=F2LZ)+COS(T+PrK=P2LZI41COS(TIFRLK2~P2L D)
TFRaTFReCESITOPH2KL+F2LZY¢CCS{T-PHKIP2LZI*COSIT-FRIXK24P2LY)
TAE'TAFOCCS(T)

NEXT Py

FL3Z2OSF2 (TFCeTFL)#SA®(102°TAL)
FE!Z‘SF‘(TFCOTFﬁ!OSl‘(102‘TAﬁ)

RETURM

132

P
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11:: pEr IR X XY piIP‘TCUT (X N RN

112, PRINT o \FFINT #6,TITLIS ’

113C PRINT #£,°S12¢t OF COPAIN 2.4505°7*"NA

1140 FAINT #6,"H and K zre devic2a Dy"TAA

115C PRINT #6,°4 =%38,"C 3%IC,"RAVELENCTF ="tWL

1185 FAINT so,"Lil for As="LLA!%ang tor Fa™ILLLF

11€5 PRINT #6,%"Unn for ASE"UPEKHAI®and for F3™IUKHF

1170 PRINT #€,"PAXTMUM L/7072 3™ i02M 2

1180 PRIMT #6,"LCWER 2% THETA 3" TTHZMINI® LFPEF 2%THETA ="tTHZMAX
1163 CRINT #€," NAME CF TERPINAL FGRMAT FILE IS “SFILESI™(.TFFI\FRINT #€
1200 FCF Ixz02 TO 7A\PLCT S (a2 )2FLLT S(wx) ¢ (12345678 S "\ 0EXT Ix
1213 FCR %=y 7O TH20MX

1220 FCR Jx=19-30% TC Iv+ G2

1230 GCTGC 125C¢ IF J%<dX OF JY>TER2CMY

1240 ’TZTHOIZZ.J!)SITZTHD(ZzoJL)OITZTHC(12.11)'EXF(-(J1~Iz)‘illa!
12S. NEXT JAINMEXT 1%

1260 FCR P2z12 TG0 2X\IT2THCM=(

1270 PRINT "negative 2TH™\FRIMT 86, negative ZTH‘
1280 FCR I%z202 YO TH2OMXNIF IT2THO(R%Z.IX)«Q TFEN ITZThC(ht-IZ)t-ITZTHO‘HZ.IZ) | 3
APRINT PLIIXST/ I\FRINT #€,T0:"/"; ELSE 1290

©129s NEXT TX\FRINT ¢6

130) FOR Ixz=02 TO THZDF7\IYZYPC”3172THG(FZv&Z’ IF IT2TRC(HYeIZ)>IT2THOP\NEXT IX
1313 IF IT2THCP=0 THEN FFINT “IT2THCMsOQ™N\STOP ELSE 122C

1320 FOR Ix=0x TO THZOMYNIT2THC (MY LX) =XT2THL(HY, I2)2SC33/7IT2TROP\NEXT IX
133, FCR JXs0X TC INT(TH2DOmY/EQ)
1360 PLCTS(S%)2""\FCFR Ix=0% TC 3I%\PLCTS(IXIZ""\NEXT I%
1350 FOR x238C2%J4X TO 8I%*(J241X)=1ANFCR L%=02 TC 32
1360 GOTO 1400 IF KY>TH2DMY
1370 TIZsIMTCIT2THC (N KT 2 (10" (32=-LL)))
1380 IF T1x20%x THEMN PLCTS(LY)SFLCTSILYL)e™” =
ZLSE FLCTEILYI=PLOTS (LY)+RIGHTSUISTREITIX)LLEN(STRE(TIZ)))
1360 NEXT LX\MEXT K%
1430 FOR 12=z0% TO 7X\TIX=8X%4X+1I%

1410 IF TIx>=10 THEN PLOTE(SX)2PLOTE(SR) ¢ *"eSTREITIT )" “\GCTO 1430
ELSE GCTO 1420 )
1420 IF TIx>a1l THEN PLCTS(SZ)eBLATS(SY )" 4STRE(TIXI+* “\GOTO 1430
ELSE FLOTS(SX)=PLOTS (ST +"%) -

1430 MEXT I

1640 FCR L2202 TC SX\PRINT @6,FLCTRILZ)INMEXT L2
1450 NIXT JINFRINT #E\NEXT bx

1660 RETURM

1473 REP %9832+  FAR CRAFH osess

148G FOR 12232 TC TH2CPT STEP 212

1eS. PRINT 86, 3 IF Ivel5dY

1500 FRIMT 06,° =1 IF Ix<ilx

161G PRINT #€,1%3

1520 TixzIT2THC(22Z4I%)2HGHT /100

1€30 GJT0 1€5C IF T1x=01%

156 FCR J2212 TO TLX\FRINT #€, 0 I \NEXT J¥
18€) PIINT 6, \NEXT IX

16680 PSINT #5\RETLERN

167G STCP\ENMND
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