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ABSTRACT:

Isotherms of the ferric chloride-graphite system have
been determined at 300°C, 310°C, and 350°C. It was found that
C,7F6015 is formed at all three temperatures, and in addition
C, FeCl, is formed at 350°C.

C,7FeCl5 has been isolated by preparing it in a bomb.
MOssbauer studies on it showed that electron transfer is from
graphite to iron chloride, and that all of the iron is in the
same oxidation state. |

It has been shown that intercalated ferric chloride can
be reduced to ferrous chloride by hydrogen at 375°C.

Studies on graphite containing ferric chloride or chromyl
chloride have shown that the threshold pressure for intercala-
tion of Br2, IC1, or CP02012 is higher than for pure graphite.

It has been found that the uptake of chromyl chloride by
graphite is dependent on the rate of pressure increase, and
that in addition natural crystals of graphite vary in their

reactivity with chromyl chloride.
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INTRODUCTION:

The purpose of this work was to determine composition
versus pressure isotherms of the ferric chloride-graphite
system. The value of such a study can best be appreciated
by examining some of the results obtained from isotherms of
similar systems.

Early results for the bromine-graphite system gave vary-
ing compositions for graphite-bromide. The compositions
CBBr, ClOBr, and ClSBr had been reported for the composition
stable at saturation (1) (2) (3). Determination of the com-
pleate isotherm by Hooley (4) for several kinds of graphite
and at different temperatures showed that the compound formed
is CSBr with crystalline natural graphite and that earlier
variations were probably due to capillary condensation on
different size ranges of graphite. In addition he showed that
CBBr is stable on desorption from 1.0 to 0.5 partial pressure
relative to saturation, contradicting an earlier claim that
CgBr is stable only at saturation (5). Another result was that
bromine will react with graphite only ébove a threshold pressure
which is 0.05 relative to saturation (for natural graphite).
Interpretation of the variation in threshold pressures for a
series of pyrolytic graphites of varying degrees of.interlayer
bonding led to proposal of a mechanism fof bromination of
graphite (6).

The determination of the isotherm of the ICl-graphite
system (4) at 20°C showed that two compounds are formed:

C,-IC1 and C,ICl.

16 8
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An earlier report (7) had stated that the composition was
05.4101 at saturation--a result which by examination of the
isotherm can be seen to be probably due to capillary conden-
sation. The existence of two compounds of IC1l and graphite
and their stoichiometry thus became apparent only with an
isotherm of the system,
The reaction of Cr02012 with graphite was variously

reported to yield C,,Cr0,Cl, (8), C Cr0,Cl, or C13qCrogCl

2

12
(7), depending on reaction conditions. Determination of the

isotherm (4) of the system at 20°C showed that the compound
formed in wvapor is 0520r02012. In addition, it was shown

that the compound thus formed did not desorb provided reaction
lasted a day or more. The isotherm also showed that the thres-
hold pressure for intercalation of Cr02012 is 0.25 relative to
saturation, compared to 0.05 and 0.03 for bromine and iodine
monochloride respectively.

This brief account illustrates the value of determining
isotherms for reactant-graphite systems. Isotherms demon-
strated the existence and stoichiometry of graphite compounds
and showed their pressure stability ranges. In addition, inter-
pretation of such features as threshold pressures .aided under-
standing of the mechanism of reaction (6). Hence, it appeared
likely that isotherms of the graphite-ferric chloride system
would prove of similar value.

Ferric chloride was first shown to react with graphite by
Thiele (9). A detailed study by RUdorff and Schultz (10) claimed
that two compounds are formed: CleeCl5 between 180°C and 309°C

and C,.FeCl, between 325°C and 400°C, both after acid washing

30 )

of the preparation.
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Croft (11) later stated that Cy,FeCl, is a decomposition

product of the more concentrated compound. In a detailed

X-ray and electron-diffraction study of graphite-ferric

chloride preparations, Cowley and Ibers (12) showed that

CleeCI6 consists of 17% free graphite. They also showed

that more dilute preparations contain more free graphite, and
less FeCl3 per layer. Furthermore, they found that if 012}?6015

is heated to SOOOC, free graphite disappeared.

All of these workers prepared graphite-ferric chloride by
heating graphite with anhydrous ferric chloride in a bomb for
24 hours at temperatures from 180°C to 350°C followed by rapid
chilling and washing with HC1l to remove unreacted ferric chloride.
They thus 1ackéd assurance that their preparations were not
decomposition products of equilibrium compositions., It there-
fore appeared that determination of the isotherm for the
graphite-ferric chlioride system would improve our understanding
of the system.

A second aspect of the graphite-ferric chloride system is
the question of the state of ferric chloride in the layers.
Hennig made (13) electrical measurements on graphite-ferric
chloride, He postulated that ferric chloride is partially ionic
and proposed the formula Cﬁ-FeClé*SFeCls. To date, however,
there has been no direct evidence for the existence of two
oxidation states of iron required by the above formula. It
thus appeared that a study of graphite-ferric chloride using
M8ssbauer spectroscopy might provide either an independent

confirmation of the above formula or an alternative to it.
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A third topic studied is the form of the isotherm of
bromine, iodine monochloride and chromyl chloride on a graphite
which initially has in it the saturation amount of chromyl
or ferric chloride. Some previous work (14) showed that
0520r02012 for instance would not intercalate bromine even at
saturation. The threshold pressure for ICl was higher than
for graphite and the ICl uptake at higher pressures was only
half that of pure graphite. These interesting observations
were extended by using chromyl chloride residues of various
compositions and by similarly examining graphite containing
ferric chloride. ,

Finally, an interesting observation that slowly raising
chromyl chloride pressure from zero to saturation prevents
measureable intercalation of chromyl chloride by graphite
(15) formed the basis for some further studies., These studies:
were based on the detection of reaction by expansion of the

graphite normal to the layer planes.



- EXPERIMENTAL

A, CHEMICALS:

(a) Bromine: Reagent grade material was distilled into the
balance reservoir, the middle fraction being retained.

(b) Iodine monochloride: British Drug House reagent grade
material was distilled into the balance reservoir, with
the fraction coming over at 101°C and 760 mm pressure
being retained.

(¢c) Chromyl chloride: The Cr0O,Cl, was supplied by the Allied

272
Chemical and Dye Company of New York. The fraction dis-

tilling at 116°C and 760 mm pressure was retained.

The above three reagents were stored in sudued light. They

were

5

deaerated until they contained less than 3 x 10 ° cm Hg

air pressure.

(a)

(e)

Anhydrous Ferric Chloride: Anhydrous ferric chloride was
prepared by direct reaction of iron (99.85% Fe, Baker and
Adamson Standardization Grade) with chlorine gas dried by
passage through concentrated sulphuric acid and over
phosphorus pentoxide, The resulting product was sublimed
in the presence of chlorine into vials provided with break-
seals, After the vials were filled with ferric chloride,
the chlorine was condensed into a ligquid nitrogen trap
and the vials were pumped with a mercury diffusion pump
to less than 10_4cm Hg. The vials were then sealed off
under vacuum.

Graphite: several types were used.

(i) National Spectroscopic Grade SP-l. Supplied by the

National Carbon Company, Cleveland, OChio.
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(iii)

(iv)
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This is a highly purified natural graphite and was
used without further purification. IFlake size was
0.02 to 0.1 mm across.
Madagascar graphite. This had been previously
purified by alternate extractions from HEF and HC1.
The size range employed was 60-70 mesh.
New York graphite. Acid extracted from marble
deposits in Essex county, New York. Individual
crystals were hand picked under a microscope after
extraction, and had been treated with alternate
extractions with HF and HCl. The flake size employed
was about 3 mm diameter (parallel to the layer planes)
and 0.1 to 0.7 mm thick.
Pyrolytic graphite. Polynucleated at 2150°C, den-
sity 2.21 gm/cmz, and supplied by High Temperature
Laboratories, Boston, Mass. The sample employed in
this study consisted of 10 discs of diameter 2.6 mm
and 1.0 mm thickness. This graphite was designated
PG-1 in an earlier study (6) and will be so design-

ated in this work.



B. E@UIPMENT:

The isotherms with bromine, Iodine monochloride, and
chromyl chloride were studied in a recording vacuum thermo-
balance equipped with a recording spoon gage. (16) (17).

The sensitivities employed were about 6 mv/mg or 1 mv/mg for
weight and 60 mv/cm for pressure.

Before admission of a reactant, the system was pumped with
a mercury diffusion pump to less than 10~ %m (as measured with
a McLeod gage), and it was verified that it would hold this
vacuum overnight. Taps in contact with the reactant vapors
were greased with Kel-F; all other taps and joinits were greased
with Apiezon-N, Pressure was reduced by opening the system to
a trap cooled in liquid nitrogen. The reactor tube was held
at 20° by a thermostatted bath.

Expansion studies were made in an apparatus which held
graphite samples with their layer planes normal to the viewing
axis of a microscope fitted with a micrometer eyepiece (6).
Magnifications employed were x37.5 or x75, depending on the
sample size., Except when the samples were actually being
viewed, the sample tube was surrounded with a thermostatted
jacked at 20°.

Isotherms with ferric chloride were made in a modified
version of the recording thermobalance, (16) diagrammed-in
figure 1. All parts of the apparatus containing FeCl5 were
heated by resistance furnaces. The pressure of FeCl5 was
controlled.by varying the temperature of the FeCl5 reservoir,

and was measured by the pyrex spiral gauge.
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The FeCl5 reservoir, the pyrex spring, and the sample were
each thermostatted to within O.5°C by "Proportionull 1300
Series" temperature controllers, supplied by Cole-Parmer
Instrument and Equipment Company. The sensing elements were
Platinum resistors., The furnaces were constructed with two
windings: +the bulk of the heating was supplied by heavy
windings, while a second and lighter winding supplied control

heating.
The linear variable differential transformer was a high

temperature model (#060XS-FT), supplied by Schaevitz Engineer-
ing, Ltd, of N, Jersey. It was suspended from two iron rings
mounted near the top of the balance tube, The second iron
ring was supported on the first by three brass screws, "A",
and had three more screws, "B", which passed through holes in
the second ring. (See detail drawing of figure 1). Silica
fibres suspended from these screws "B" were hooked onto a
glass support ring attached to the LVDT. The screws the
fibres hung on served to allow for slight differences in the
fibre lengths., The other three screws "A" allowed for moving
the whole LVDT up or down relative to the core. They were
fitted with special heads so that a screwdriver could be used
tb adjust the LVDT when the furnace was hot. The silica
spring was the same type employed in the room temperature
thermobalance (16). The sensitivity of the balance was about
1 mv/mg in the range 300°C - 350°C. All temperatures were
measured with Leeds and Northrup duplex iron-constantan
thermocouples, stated to be within 1/3% of the temperature

reading in Centigrade degrees as determined from NBS
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calibration tables. An ice bath was used to cool the refer-
ence junctions.

Samples were introduced into the balance by lowering the
spring, LVDT core, sample bucket and connecting silica fibres
into the balance tube. The connecting tube and FeCl5 reservoir
(complete with an unopened FeCl5 vial) were then blown onto
the top of the balance tube and connected to the vacuum
system., The system was pumped to less than 10"4 cm using a
mercury diffusion pump. The FeCl5 vial's breakseal was then
broken with a magnetic hammer. The system was sealed off under
vacuum at the point indicated on the diagram (figure 1). The
balance tube was then brought up to the temperature selected
for the isotherm (300°C, 310°C, or 350°C in this work), leaving
the ferric chloride unheated. As soon as thermal equilibrium
was reached, the LVDT was adjusted to give a suitable output,
and the lamp for illuminating the spiral gage's mirror was
adjusted., The ferric chloride reservoir was»then heated to
give a desired vapor pressure. The pressure was measured by
admitting air to the envelope of thé spiral gage to return
the reflected spot of light from the gage to a null point, and
then measuring the air pressure with a mercury manometer. At
the conclusion of a run, air was re-admitted by carefully
cracking the balance tube and admitting air to the envelope
at the same rate.

The spring--LVDT combination was calibrated by replacing
the pyrex spiral gage section of the balance tube with a
support tube. A long silica fibre hung from the core and

passed through the bottom of the furnace into a plastic box.
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The box served to keep drafts from affecting weight readings.
The balance was then calibrated by adding known weights to a
small glass pan hung from the silica fibre. The temperature
of the spring and LVDT were kept as close as possible to the
temperatures they would be at during isotherms. It was found
that the sensitivity of the balance decreased with increasing
temperature, so calibrations were made for the actual temper-
atures used. ©Silica springs are known to contract on increas-
ing temperature, so the spring was kept at a constant temper-
ature during a run.

Buoyancy due to ferric chloride vapor was.compensated
for by corrections derived from a blank run with the balance
completely assembled, but without a sample., The decrease in
the apparent weight of the sample bucket with increasing
ferric chloride vapor pressure was observed and assumed to be
due to buoyancy.

Several preparations of graphite-ferric chloride were
also made in bombs., Some of the bomb preparations were carried
out in stainless steel #304 bombs which were loaded with a
weighed sample of graphite plus anhydrous ferric chloride in
a dry box with an oxygen-free nitrogen atmosphere. The sealed
bomb was then heated to 300°C for 24 hours, after which it was
opened and the product washed free of excess ferric chloride
by washing on a fritted glass funnel with 6N HCl until the
washings gave no red colour with KSCN solution. This method
was found to give irreproduceable results.when more than 100
mg of graphite was employed. Accordingly, a modified technique

was employed: an inverted U-shaped glass reactor was sealed
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to a vacuum line; one arm contained a weighed sample of graph-
ite, the other a 10% excess of iron wire necessary to form
C,7F<—3015 (previously shown to be the most concentrated com-
pound formed between graphite and ferric chloride). The
apparatus was then evacuated to less than 1 micron pressure,
and a stream of chlorine dried byipassage through concentrated
sulphuric acid and over phosphorus pentoxide was passed
through the apparatus. The iron wire was gently heated with a
torch until reaction started. After all the iron had reacted
with chlorine, the chlorine was condensed into a trap cooled
in liquid nitrogen, and the apparatus was pumpgd to less than
1074 om with a mercury diffusion pump and sealed off. It was
then heated as described above, or, in several runs, with
separate temperature controls for the graphite and ferric
chloride arms.

Two attempts to reduce intercalated ferric chloride in
CVFe015 to ferrous chloride were carried out with samples
placed in a zirconia boat within a silica tube heated to 375°C
in a stream of hydrogen (22). The hydrogen had been purified
by passage through concentrated sulphuric acid and over copper
turnings at 5OOOC, followed by passage over phosphorus: pent-
oxide. |

X-ray powder photographs of several of the graphite-
ferric chloride preparations were taken for identification
purposes only. Cu Ka radiation at 35 kV and 15 mA using

0.5 mm capillaries were used for all photographs. Exposure

times were 8-15 hr.
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Mossbauer spectra of several of the graphite-ferric
chloride preparations were obtained from the laboratories of
Dr, J. R. Sams. The gamma ray source was 5700 in a copper
matrix. All of the data are shown in table I. All figures
are in mm/sec relative to N. B. S. standard sodium nitro-

prusside (NagFe(CN)5N0°2H20), N. B. S. standard material #725.
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RESULTS:
FERRIC CHLORIDE ISOTHERMS ON GRAPHITE

The isotherm of ferric chloride on SP-1 at 300°C from
zero pressure to saturation is shown in figure 2. At each
pressure, it was found that about 24 hours were required to
reach a weight constant to % 1%. Note that the threshold
pressure was below the pressure gage's sensitivity which was
0.25 cm Hg, that C7Fe013 is the only pressure independent
composition observed, and that the final residue had a mole
ratio (C/FeClS) of 25. Before the balance was opened, the
isotherm was repeated. The threshold pressure was again
below the sensitivity of the gage, the absorption curve led
smoothly into the previous one, and the desorption curve was
duplicated. Finally, a fresh sample of SP-1 gave exactly the
same isotherm as shown in figure 2. ‘

Since an earlier report (10) had indicated that only
CSOF6013 is formed above 50900” an isotherm at 310°C was run
on SP-1. The resulting isotherm was similar to figure 2 with
the features stretched along the pressure axis. The threshold
pressure for intercalation was measuregble this time and was
about 0.75 cm Hg. The only pressure independent composition
was CvFeClS, as before, and the mole ratio of the residue
(C/FeCls) was 33--somewhat higher,

It was decided to investigate details of the low pressure
part of the isotherm by running an isotherm at 350°C (figure 5).-
The isotherm runs from zero pressure to one atmosphere, rather

than to saturation which is 7 atmospheres at this temperature

(18). This limitation was imposed by the inability of the
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glass system to hold 7 atmospheres pressure. The threshold
pressure is about 1.5 cm Hg, and 012F6015 in the range 20-40
em Hg (0.04-0.08 relative to saturation). Above the latter
pressure C7-Fe015 is formed. Note that the failure to observe
Cle'e(H5 in the 300°C and 310°C isotherms may have resulted
from the narrow relative pressure range in which it is stable--
this raﬁge would be about 1 cm Hg at 300°C. On desorption
ClOFeCl5 is a pressure independent composition in the range

12-8cm Hg. This decomposes to a residue whose mole ratio of

C to FeCl, is 50. A second run was made on this residue be-

3
fore opening the balance and confirmed the 012F3015 plateau.
From the absorption curves at 300°C, 310°C, and 350°C
Arrhenius plots at compositions 0.020, 0.040, and 0,060
(FeClS/C) were made, The three slopes gave an isosteric
heat of 13.0 * 1.0 kcal/mole with no trend with composition.
It was decided to investigate the influence of using a
less perfect graphite than SP-1 on the isotherm (6). The
isotherm of FeCl5 on a PG-1 sample at 300°C is shown in figure
4 (for a description of this sample and its dimensions, see
“"Experimental"). Note that the threshold pressure is about
15 ecm Hg, and that the pressure independent composition is
about CleeCl6 which decomposes to a residue compound of mole
ratio (C/FeClS) 31l at about 0.5 cm Hg. The sample had split
into thin discs during the run. It is of interest to note
that PG-1 also splits into thin discs during reaction with

bromine (6). The apparent increase in weight on desorption

will be discussed later.
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A significant feature of all these runs was that the pres-
sure in the system fell to zero when the temperature was finally
reduced to 20°C at the end of a run. There is hence no Cl2
left in the gas phase and therefore the iron in the graphite
is there as FeCl6 or 2Fe012+012. There was also no evidence
for the production of an F6012 residue in the balance systeme.
This means that the iron is in the graphite as FeCl6 and not
as a mixture of FeC%g)and 012.
BOMB PREPARATIONS OF GRAPHITE~FERRIC CHLORIDE

In order to study some properties of the compounds observed
during the isotherms, it was decided to attempt their prepara-
tion in bombs which could be rapidly chilled to room temper-
ature.

A stainless steel #304 bomb was loaded with O.l1l gm SP-1
and 1 gm FeClS in a dry nitrogen atmosphere. After 24 hours
at SOOOC, it was chilled rapidly in cold water, opened and
washed free of excess FeCl5 with 6M HCl. 1In a second‘run,
the bomb was cooled ap 10°cC per hour for 24 hours (after having
been heated at SOOOC for 24 hours). Both products were
ClgFeCl5 which is the approximate composition reported by
previous workers (10) (11) (28). Apparently, these two rates
of cooling gave the same amounts of kinetic trapping in the
central region of the graphite crystals (14) (19). The
MOssbauer spectra of these 2 preparations will be described
later (table I).

Attempts to prepare more CleeCI:5 in the same bomb using
500 mg SP-1 and 1500 mg FeCl;3 gave preparations of compositions

C FeCl,. It was concluded that the 3 cm of graphite in the

20-30 3
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bomb bucket was so deep that ferric chloride was not able to
diffuse through the nitrogen to the bottom and react in the
24 hours exposure.

As described in "Experimental" all of the preparations
in stainless steel bombs were loaded in dry oxygen-free
nitrogen atmosphere. The possibility that the resulting two
atmospheres pressure of nitrogen (at about 600°K) would slow
diffusion of ferric chloride into the finely powdered SP-~1
was eliminated by using evacuated glass bombs with the ferric
chloride prepared in situ. Glass bombs also had the possible
advantage of cooling more rapidly than the thick stainless
steel bombs; rapid cooling should remove the metal chloride
from thé peripheral areas of the graphite crystals and allow
the graphite to drop to its normal interlayer distance, thus
preventing more ferric chloride from diffusing out and giving
a higher composition (14) (19). A third possible advantage
was the elimination of metallic iron which could reduce
FeCl5 to FeClg. A run to check this last possibility showed
that a piece of stainless steel #304 of the same surface area
as the bombs does react with ferric chloride vapor. The stain-
less steel, after 24 hours exposure to ferric chloride at
SOOOC, was coated with brown ferrous chloride.

Several preparations in glass bombs with air cooling did
give C,7FeCI6 after acid washing. This product had a MSSSbauer
spectrum similar to that of anhydrous ferric chloride (55) (34)
in that it consisted of a single peak. This peak was shifted
from 0,69 mm/sec of FeCl, (at room temperature) to 0.77 mm/sec

(also at room temperature).
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The 002 and 004 lines of graphite were.absent from the X-ray
powder photograph of this G, FeCl;. Asher and Wilson (32) have
stated if as little as 5% free graphite were present then these
intense lines would show in the powder photograph. In addit-
ién "the powder photograph of this C,?FeCl5 had no lines coin-
cident with those of anhydrous ferric chloride.

An attempt to remove more FeCl5 from C,7Fe015 by extract-
ing with 6M'HCI in a Soxhlet for 24 hours removed less than
1l mg from 700 mg of compound. This result could be explained
by suggesting that the acid is prevented from reaching the
ferric chloride by a skin of graphite around the edges of the
crystals. If so, then slower cooling of a bomb might allow
more ferric chloride to diffuse out during.cooling. Accord-
ingly, a glass bonmb, after heating for 24 hours at SOOOC, was
cooled at-lOOC/hour for 24 hours. The product, however, was
again C7FeClé, even after 4 hours washing with boiling 6M HC1.
Slower rates were not used.

It was decided to attempt preparation of the C12Fe013
observed during the 350°C isotherm. This was prepared in an
inverted U-tube reactor. One arm, containing the SP-1, was
maintained at 55000; the other, containing ferric chloride,
was maintained at 29500-(at which temperature the vapor press-
ure of ferric chloride is 30 cm Hg, the middle of the CleeCl5
plateau observed in the isotherm). After 24 hours the tube
was cooled in air, opened and acid extracted with 6M HC1
until the washings gave no red colouration with KSCN. The

product was 012F6015.
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Two attempts were made to prepare ClgFe015 by subliming
FeCl; off C,FeCl, and then acid washing (10). The inverted
U-tube reactor described abow was used. After heating the
graphite at 300°C and the ferric chloride at 295°C for 24
hours (a combination known (see figure 2) from the isotherm
to give C7FeCls)xthe arm not containing graphite was chilled
in an air blast until no more FeCl5 could be seen condensing.
Thus, pressure was reduced rapidly without chilling the
sample, After this, the other arm was cooled to room temper-
ature over a period of 15 minutes. According to Rudorff (10)
this procedure should yield an acid-washed product of
CigFe015. The product, however, was C,7Fe()l5 after acid washing.
CvFeClB was reduced at 375°C in oxygen-free hydrogen in
two different runs (22). The X-ray powder photograph of the
product in each case was similar but not identical to that of
C7Fe015: several of the lines were shifted slightly, and the
intensity ratios of the lines had changed. There was no
evidence of either free graphite (no graphite 002 or 004
lines) or of free ferric chloride. The MSSSbauer spectrum
was very different from that of CVFeCls, and resembled that
of ferrous chloride (24).
ISOTHERMS OF BROMINE, IODINE MONOCHLORIDE, AND CHROMYL CHLORIDE
ON GRAPHITE-CHROMYL CHLORIDE AND GRAPHITE-FERRIC CHLORIDE
RESIDUES
Ferric chloride and chromyl chloride are unique in that
their amounts in graphite at saturation can be retained on
reducing the pressure to zero. The effect of this retention
on the absorption properties of graphite was the subject of

this study. Bromine, iodine monochlbride, and chromyl chloride
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were used for the comparison because they cover a range of
threshold pressures and mole ratios of their compounds with
graphite,

A CHROMYL CHLORIDE RESIDUES

The maximum uptake of CrOzClz by graphite from the vapor
at 20°C is CgoCro 01, (4). Residue compounds containing one-
half (0640r02012) and one-third (ClOOCrogclg) were prepared
by reacting 60-70 mesh Madagascar graphite in chromyl chloride
vapor for 48 hours at a pressure known to give these ratios
as equilibrium compositions. Madagascar graphite was used
because it is easy to obtain large samples of uniform flake
size and high purity of this graphite. Large samples were
used so that any variation in reactivity from flake to flake
would be averaged out.

It was found that neither of the chromyl chloride residue
compounds would intercalate more Cr02012 when the vapor was
admitted in several steps to saturation. One run with
064CP02012 in which chromyl chloride vapor was admitted directly
to saturation, and then lowered just below that pressure gave
Cro0Cl

45 2°7e?
equilibrium value of 052Cr02012 for unreacted graphite.

an uptake bringing the total to C still below the
ICl reacted with both chromyl chloride preparations. The
isotherms are shown in figure 6 and figure 6., A threshold
pressure of 0.1 cm Hg was observed for both. One pressure-
independent composition was observed on desorption for each

CrO0Cl

residue. The mole ratios were (C/ICl) 16 for C100CT0sC1,

and 25 for C.,Cr0 C12.

64 e



Bromine also reacted with both chromyl chloride residues.

The threshold pressure for intercalation was 2.0 cm Hg for l}(‘q{

both residues. Again, one pressure-independent composition
was observed on desorption for each residue. The mole ratios

Cl,. Note that

were (C/Br) 12 in C oLlg

1OOCr02012 and 16 in C64CrQ
no bromine is taken up by Cz,Cr0,Cl, (4).

It was decided to attempt preparation of a more concen-
trated chromyl chloride-graphite compound, C160r02012, accord-
ing to Croft's method (8). The purpose of preparing this more
concentrated compound was to find the threshold pressure for
intercalation of ICl in it. Three attempts using vacuum dis-
tilled chromyl chloride at 100°C in a glass bomb with the
reaction carried out in darkness for 24 hours resulted in
formation of only 0400r02012. This suggests that Croft's
product may have contained some hydrolysis products of Cr02012
rather than Cr02012 alone.

B. FERRIC CHLORIDE RESIDUES

C,?FeCl5 prepared in a glass bomb from SP-1 formed the
basis for a similar set of runs to test its reactivity. It
was found that Cr02012 does not react with 07F6015. ICl
reacts, but the resulting isotherm is very different from
that for the pure graphite. The isotherm is shown in figure 9.
The threshold pressure for intercalation is 0.15 cm Hg, higher
than for the original graphite (4). There is no evidence for
the formation of Cl6ICl or C8ICl on absorption or desorption.
ClOICl forms on desorption. A residue C¢OICl,is left after

reduction of pressure to zero, which is about the same as the

residue left by ICl on pure graphite (4).
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Bromine also reacts with CvFeCls. The isotherm is shown
in figure 10. Note the initial weight decrease as bromine
was added. Assuming the threshold pressure to be where the
weight first increased above its original value, then it is
about 9 cm Hg. There is no pressure-independent compositione.
The residue has a mole ratio (C/Br) of about 50, roughly the
same as in pure graphite (4). A second run on this residue
failed to show significant uptake.
STUDIES OF THE REACTION OF Cr02012 WITH GRAPHITE
Several studies of the expansion of New York graphite
in Cro_C1l

272
the observation that slowly raising chromyl chloride vapor to

vapor were made with the purpose of investigating

saturation prevents measureable intercalation (15). Hooley
and Garby (15) found that if chromyl chloride is admitted
slowly (spending about 2 days with the chromyl chloride
pressure below the normal threshold pressure of 0.4 cm Hg (4),
there is no expansion normal to the layer planes. They also
showed that the action of the chromyl chloride must be on the
preripheral regions of the crystsls, for if the New York graph-
ite crystals previously treated in chromyl chloride vapor are
edge~-trimmed and then exposed to saturated Cr02012 vapor they
expanded immediately. The possibility that surface absorbed
water reacted with chromyl chloride to form an impermeable
layer was eliminated in this study by heating several New York
g;éphite crystals to 1100°C while pumping with a mercury

diffusion pump: chromyl chloride vapor was then admitted at

the above rate. There was again no expansion.
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Attempts to duplicate these observations were only partially
successful, Although it was always found that raising the press-
ure slowly prevented any measureable expansion, edge trimming
did not restore every crystal's ability to expand when exposed
to saturated Cr02012 vapor. As these measurements were made
at the limit of the optical system's sensitivity, it was decided
to construct a more sensitive device to measure expansion before
continuing. A recording expansion meter is now being developed,
and has been employed in some preliminary studies (21) on the
bromination of graphite.

The above variation in the behavior of New York crystals
in chromyl chloride vapor promoted a study to check on an
earlier claim (22) that New York graphite érystals thicker than
0.4 mm (normal to the layer planes) do not expand when exposed
to saturated chromyl chloride vapor. It was found that if
chromyl chloride is admitted in one step to saturation, even
New York crystals as thick as 0.75 mm normal to the layer planes
would expand to about 150% of their original length. It was
found that exposing a c%%stal so expanded (and held in Cr02012
vapor for 24 hours) to bromine at 14.5 cm Hg caused no further
expansion., Exposure of a crystal previously expanded in
chromyl chloride to ICl vapor at 0.3 cm Hg caused no further
expansion; raising the ICl pressure to 1.9 cm Hg caused the
crystal to expand a further 20% of its original length. These
results are in qualitative agreement with the results of Hooley
(4) on isotherms of bromine and iodine monochloride on

05 CroO 012 referred to in the Introduction.

2 2
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This finding that thick crystals will expand when exposed

immediately to saturated chromylvchldride vapor prompted a

final study to determine whether chromyl chloride intercalation

begins in the end planes of natural graphite crystals. The
method used was that of Hooley, Garby, and Valentin (6). A
thick New York crystal had two markings of ZnO and Dow Corning
"Silastic" adhesive painted on its side, splitting the length
normal to the layer planes into three nearly equal divisions.
On exposure to saturated chromyl chloride vapor, all three
sections began expanding at the same time, but at different
rates., This result may still be consistent with intercalation
beginning in the end planes, provided there are variations in
interlayer bonding within single crystals of New York graphite
It does appear that New York graphite crystals do vary in
their behavior in chromyl chloride pérhapsxof varying amounts
of interlayer bonding or other imperfections. It also appears

that there is a slow reaction over a period of about 24 hours

(6).

in graphite-chromyl chloride which prevents or at least decreases

further intercalation.
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