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Abstract: Lamellar compounds of chromium, molybdenum, tungsten, iron, cobalt, nickel, manganese and copper with graph-
ite were obtained and their structure, magnetic properties, and Mdssbauer spectra were studied. Molybdenum was shown to
form sandwich type w-complexes with graphite, similar to dibenzenemolybdenum, in which graphite acts as an aromatic =-li-
gand. Arguments were presented suggesting that in graphite compounds with iron, cobalt, and nickel some part of the metal

forms weak complexes with graphite.

Carbon atoms in graphite are well known to be arranged
in layers, and each layer is a regular hexagonal net of car-
bon atoms (Figure 1). The C-C distances in a layer are
1.41 A which is close to the bond length in aromatic hydro-
carbons. The interlayer spacing is equal to 3.35 A which
corresponds to van der Waals interaction. Such difference
in layer and interlayer bond types makes possible formation
of lamellar compounds of graphite (LCG)—the products of
insertion of different substances into the interlayer space.
At present LCG with alkali a#nd alkali earth metals, acids,
halogens, and metal chlorides are described.!-° The number
of carbon layers of graphite per each layer of inserted sub-
stance in an LCG is usually called the stage of LCG (Fig-
ure 2). The bonding between an inserted substance and a
carbon net of graphite depends on the compound inserted
and is known to be of either charge transfer or van der
Waals type.

However, if a carbon net of graphite is considered as an
infinite aromatic molecule, the formation of another type of
LCG, namely, complexes of graphite with transition metals,
could be expected. In these complexes the carbon net of
graphite should act as a polynuclear aromatic ligand. In ac-
cordance with Sidgwick’s rule, zero-valent metals of group
VI (Cr, Mo, W) form stable bis(arene) complexes. Thus,
LCG with these metals can be expected to have a bis(arene)
structure. Similar bisarenic complexes could also be expect-
ed for Mn(I), Fe(II), Co(III), etc. w-Complexes of allylic
and olefinic types should be possible in the case of zero-va-
lent Fe, Co, Ni, Mn, and Cu. Formation of such r-complex-
es would require localization of a certain number of bonds
in the conjugated graphite system at the expense of some
resonance energy. However, this loss might be compensated

by the energy of complex formation. Actually examples are
well known in which a metal atom breaks the conjugation
system of benzene producing allylic complexes,!® However,
zero-valent metal LCG could a priori have another struc-
ture with only weak van der Waals interaction between
metal atoms and graphite layers or that of the charge trans-
fer complex type.

The present paper deals with the synthesis of LCG with
transition metals iron, cobalt, nickel, chromium, molybde-
num, tungsten, manganese, and copper and with a study of
their structure by X-rays, Mdossbauer spectroscopy, and
magnetic measurements.

Transition metal LCG were prepared by reduction of the
metal chloride LCG (FeCls, FeCl,, CoCl,, NiCly, MnCl3,
CuCl,, MoCls, WClg, CrCl;). Reduction by means of dif-
ferent reducing agents, hydrogen, sodium borohydride, lith-
ium aluminum hydride, sodium in liquid ammonia, and aro-
matic anion-radicals (Li, Na, and K naphthalenide and di-
phenylide and sodium benzophenone ketyl), has been stud-
ied.

Reduction of the FeCl; LCG by sodium in liquid ammo-
nia has been previously described by Klotz and Schneider;!!
reduction of FeCl; to Fe(0) is reported to take place. Later
Knappwost and Metz!?-14 confirmed this result and studied
magnetic properties of Fe LCG. According to their data
iron is not chemically bonded to carbon nets of graphite in
the compounds obtained,

Experiments and Results

Starting Compounds. The starting compounds were
MoCls, FeCl,, FeCls, CoCl,, NiClz, MnCl,, WClg, CrCls,
and CuCl, LCG of a definite stage and good regularity.
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Table I. The Identity Periods (/¢) and Thicknesses of the Filled Layers (/") of Metal Chloride LCG and Metal LCG

Metal chloride

LCG C/MCl,4  Stage I, A I A Metal LCG  Stage I, A I, A Al Ab
FeCl, 9 I 9.42 9.42 Fe I 5.9 5.9 3.5
FeCl, 18 )| 12.66 9.31 Fe 1l 9.5 6.15 3.2
CoCl, 7 I 9.45 9.45 Co I 5.8 5.8 3.6
CoCl, 13 | 12.74 9.39 Co 1l 9.3 5.95 3.4
MnCI, 9 I 9.50 9.50 Mn I 5.8 5.8 3.7
NiCl, 6 | 12.70 9.35 Ni 1l 9.3 5.95 3.4
CuCl, 6 I 9.42 9.42 Cu I 5.8 5.8 3.7
CuCl, 12 11 12.75 9.40 Cu 1l 9.3 5.95 3.4
MoCl, 21 | 12.54 9.19 Mo | 7.3 3.95 5.2
MoCl, 34 111 16.02 9.32 Mo i 10.4 3.7 5.6
MoCl, 42 v 19.37 9.32 Mo v 13.7 3.65 5.7

a Amount of carbon atom per 1 molecule of metal chloride. Al = I, (MCl,; LCG) — I (M LCG).

a e T D, A _I
Figure 1. Structure of graphite.

Compounds with MoCls, FeCl;, and WClg were synthe-
sized by Croft’s® and Rudor{f’s® methods by heating graph-
ite-metal salt mixtures in a sealed ampoule in an atmo-
sphere of chlorine or argon or under vacuum. Conditions for
the synthesis of these compounds of different stages and
their dependence of the graphite’s type were described ear-
lier. 1316 Compounds of CoCly, NiCl;, MnCly, CuCl,, and
CrCl; were prepared by chlorination of graphite and metal
mixture. FeCl; LCG were obtained by reduction of FeCls
LCG by hydrogen at 400°.1¢ Compositions, stages, identity
periods, and thicknesses of the filled layers of initial LCG
with metal chlorides are given in Table I.

Methods of Investigation. X-Ray studies have been per-
formed both with a one-circle diffractometer “DRON-I”
(Cu Ko radiation, Ni filter) and with a Debye-Scherer
camera (diameter 114 mm, Cu Ka and Fe Ka radiation).
Results are given in Table I.

Magnetic measurements have been performed with a
magnetic balance by the Faraday method over the tempera-
ture range 4.2-300°K and in magnetic fields up to 7 kOe
for Fe, Co, Ni, Mn, Cu, Mo, Cr, and W LCG. For some Fe
LCG a hysteresis loop has been established at helium and
room temperatures in weak fields.

Maossbauer Spectra. Fe LCG under investigation served
as absorbers in conventional Mgssbauer transmission exper-
iments. The absorbers have been molded in plexiglass cells
without any binder. The weighed amounts of compounds
have been used which gave the density in iron 10-15 mg/
cm?2, Méssbauer spectra have been taken on an electrodyn-
amic spectrometer with a multichannel analyzer in a con-
stant acceleration regime, the spectrometer being calibrated
with a-Fe and sodium nitroprusside spectra at 300°K. Sam-
ples have been studied at 80 and 300°K, thc external mag-
netic field of # = 20 kOe being normal to the y-quanta
beam and applied at 300°K. The field has been supplied by
a permanent magnet system.!” Mdssbauer spectra of cobalt
LCG were studied on samples containing the 37Co isotope
by an emission Mdssbauer spectroscopy method on an ap-
paratus with the moving standard potassium ferrocyanide
absorber at room temperature.

Isomeric shifts (IS) in this paper are given as related to
sodium nitroprusside, at 300°K. The LCG composition has

Table II, The Products of Metal Chloride LCG Reduction by
NaBH,, LiAlH,, and Na—NH,

Initial

metal ~———Content, % ——
chloride Reducing Sol- B, Al,
LCG agent vent T7,°C C H Ma or N
FeCl, NaBH, H,0 25 344 214 14.25 Traces
I stage 100 358 26 154 No
LiAlH, THF 25 1.1 10.5 3.2
66 527 373 12.1 8.9
Na NH, -30 54.0 04 9.8 0.8
FeCl, NaBH, H,0 25 4815 05 17.6
II stage 100 48.35 1.3 16.2  Traces
LiAlH, THF 25 51.1 1.7 9.6 6.8
66 54.3 14 9.4 6.0
NiCl, Na NH, -30 S42 14 175 1.6
II stage
MoCl; Na NH, -30 66.0 06 190 1.7
II stage
@ M = Fe, Ni, or Mo.
+, L _
— S — —— P
—_— _______ﬁ i’ IC T
_____ IC _'T i
e i —
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fafz/ez of the inserted substarce

Figure 2. Stages of the lamellar compounds of graphite.

been determined by the spectra areas at 80°K assuming the
constancy of £/,

Reduction by Hydrogen. The metal chloride LCG were
heated in hydrogen flow at 300° for 4 hr; then the tempera-
ture was raised to 400-800° and the heating was continued.
In all cases it was found that the metals leave the interlayer
space of graphite and the samples obtained contain separate
phases of the metal and of the graphite.

An exception was the reduction of the MoCls LCG by H;
at 250-400°. In this case the X-ray diffractograms show
lines of the Mo LCG, besides those of metallic Mo and free
graphite.

Reduction by Sodium Borohydride. Four grams of
NaBH4 was dissolved in 200 ml of an aquéous or alcoholic
solution of KOH and 1.5 g of metal chloride LCG was
added on stirring in an argon flow. The reaction mixture
was stirred at room temperature or at reflux for 4 hr. The
solid was washed with 109% HCI, water, acetone, and ether
and dried at 120° for 10 hr. The composition of resulting
compounds is given in Table II.

Reduction by Lithium Aluminum Hydride. One gram of
metal chloride LCG was added to 50 ml of a 10% solution
of LiAlHy in tetrahydrofuran (THF) in argon flow. The
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Table 1lI. The Products of Metal Chloride LCG Reduction by
Lithium Diphenylide

Way of  ~—Metal content, % —
Metal LCG  Stage treatmentd Analysis Magnetic data
be I A 4.6 1.5
B 27.4 28.0
Fe 1l A 1.9 1.5
B 34.8 30.0
Co I A 13.1 7.2
B 28.4 22.7
Ni II A 7.3 4.8
B 21.0 21.0
Mo 11 B 27.8 b
Mo 111 B 19.1 c
Mo v B 16.7 d
w B 22.4 e

2 Key: (A) reduced, washed with THF and dried under vacuum;
(B) as in (A) and then treated with ethanolic HCI, dried under vac-
uuni and heated at 400—600°. 2 Djamagnetic x = —0.96 X 10~°
cgsm/g. ¢ Diamagnetic x = —1.26 X 10~° cgsm/g. 9 Diamagnetic
x = ~1.49 X 10~® cgsm/g. € Diamagnetic x = —1 X 10™° cgsm/g.

mixture was stirred for 4 hr at room temperature (or at re-
flux). The residue was filtered, washed with dry THEF,
treated with 10% HCI, washed with water, and dried at
120° for 10 hr. The composition of resulting compounds is
given in Table II.

Reduction by Sodium in Liquid Ammonia. The suspension
of 1 g of metal chloride LCG in 100 ml of liquid ammonia
was added to 200 ml of a 0.04 M solution of sodium in lig-
uid ammonia at —70° in a dry argon flow. The mixture was
stirred for 4 hr at —70°, filtered off, and washed with liquid
ammonia. The residue was divided into three parts. The
first part was dried under vacuum at room temperature; the
second was treated with ethanol and dried at 120° for 10
hr; the third part was treated in the same way as the second
and then heated in hydrogen or argon flow at 400-600°.
The composition of resulting compounds is given in Table
Il

Reduction by Aromatic Anion-Radicals. Three grams of
metal chloride LCG was added to 200 ml of a 0.1 M solu-
tion of anion-radical in THF. The mixture was stirred for 2
hr at room temperature and left in the refrigerator for 3
days. The residue was then filtered off, washed with dry
THF, and divided into three parts. The first part was dried
under vacuum at room temperature for 8 hr. The second
part was treated with alcohol, boiled in a mixture of alcohol
and 15% HCI (1:1), and then dried under vacuum for 10 hr
at 120°. The third part was treated in the same way as the
second and then heated in hydrogen or argon flow at 400~
600°. The composition of resulting compounds is given in
Table I1I.

Magnetic Properties of LCG with Metals. Magnetic
properties of Mo LCG have shown that all reduced com-
pounds are diamagnetic (Table III), although the starting
MoCls LCG are highly paramagnetic. It indicates the ab-
sence of either free atomic Mo or starting MoCls LCG.

The susceptibility value of reduced compounds is one
order of magnitude less than of the initial graphite and is
equal to 1 X 1076 cgsm/g. The latter value can be related
to the formation of Mo complexes with a graphite aromatic
carbon net.

Heating of the Mo LCG samples in an argon flow at
600° results in a diamagnetism increase up to a value close
to that of graphite. This fact agrees with X-ray data which
indicate that compounds decompose on heating with forma-
tion of metallic molybdenum and graphite phases.

The magnetic behavior of Fe LCG depends on the form
of reduced iron which can be present in a compound: (a) as
monolayers between graphite layers, (b) as complexes, and

(c) as three-dimensional aggregates or clusters. Type a
LCG of the I stage are expected to be ferromagnetic, the
saturation moment coinciding with that of a bulk iron and
the Curie point being lower than that of a bulk iron, but in
cases in which the iron monolayers are separated by two or
more layers of graphite (LCG of stages II and higher) the
interaction between adjacent layers should be significantly
weaker. In the last case one can expect that even if such
iron layers do not transform to the ferromagnetic state the
samples should nevertheless act as superparamagnetics.
Their saturation moment will correspond to that of metallic
iron due to the strong interaction within the layer.

These assumptions are based on our previous investiga-
tion,'8-20 where the sign of an exchange interaction between
FeCl; layers separated by one graphite layer has been
shown to be the same as for the pure salt. If the layers are
separated by two or more graphite layers the interaction be-
tween them becomes negligibly weak and the magnetic be-
havior of such systems is governed by the interactions with-
in the layer.

The compounds of type b, where iron atoms form some
kind of complexes with the carbon net of graphite, could be
either diamagnetic or paramagnetic.

If iron atoms gather into three-dimensional clusters (type
c) the compound will be then ferromagnetic or superpara-
magnetic. As clusters enlarge, their saturation moment and
Curie point will approximate values characteristic for a
bulk a-Fe.

A study of the magnetic properties of Fe LCG obtained
by the action of different reducing agents has shown the rz-
ducing conditions to have a marked effect on the properties
of resulting compounds.

In the case of samples obtained on reduction by lithium
diphenylide, the magnetic moment depends on the field
nonlinearly and the saturation moment is registered in the
fields between 3 and 7 kOe. Such behavior is typical for fer-
romagnetic materials. The data of Table III show that for
some samples the Fe content determined from magnetic
data is close to that found by elemental analysis. It demon-
strates that iron is present mainly in the ferromagnetic
state.

To ascertain the form in which iron is present in these
samples, as aggregates or in the superparamagnetic state,
hysteresis loops have been measured at 295 and 4.2°K (Fig-
ure 3a,b). Susceptibility in weak fields for Fe LCG of stage
IT (obtained on reduction by lithium diphenylide with sub-
sequent heating in hydrogen) is completely independent of
the temperature (Figure 3c), but susceptibility for Fe LCG
of the stage I sharply increases at helium temperature (Fig-
ure 3d). The saturation moment of a sample also increases
almost at a ratio of 1.5. It shows that in the samples there
are very small particles (clusters) in the superparamagnetic
state.

Thus in Fe LCG obtained by reduction by lithium di-
phenylide, iron is in the form of both large Fe particles (ag-
gregates) and very small superparamagnetic clusters.

Magnetic susceptibility measurements of Fe LCG ob-
tained on reduction by sodium in liquid ammonia and by
LiAlH4 have shown the iron is mainly in paramagnetic
state, the proportion of ferromagnetic iron being insignifi-
cant.

We have measured the magnetic susceptibility of these
compounds in the region from 1.5 to 300°K (Figure 4). The
magnetic moment of iron 4 = 4,77 BM is determined from
the value of the paramagnetic part of the susceptibility at
1.5-30°K. Such atomic magnetic moment values can corre-
spond either to Fe(+2) or Fe(0). It has been shown that
FeCl, LCG transforms into the ferromagnetic state at
15°K,9 but in our case it is not so down to 1.5°K. We
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Figure 3. Magnetization curves at 295 (a) and 4.2°K (b) of Fe LCG of
stage I obtained on reduction by lithium diphenylide. Moment vs. field
in-weak fields for LCG of stage 11 (c) and of stage I (d) before (@) and
after (O) heating in hydrogen.
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Figure 4. Temperature dependence of the reverse susceptibility for Fe
LCG obtained on reduction by sodium in liquid ammonia (a) and lithi-
um aluminum hydride (b).

suggest that in these compounds paramagnetism is associ-
ated with Fe(0) complexes. The other possibility, the for-
mation of free atomic iron, is excluded by Mdssbauer spec-
tra data (vide infra).

A study of the magnetic properties of Co and Ni LCG
obtained by reduction of CoCl; and NiCl, LCG by lithium
diphenylide has shown that these compounds are similar to
LCG with Fe in their magnetic behavior, and it can denote
that in these cases some metal complexes with graphite are
also formed.

Mossbauer Spectroscopy Study. Mdssbauer spectroscopy
has been applied to Fe and 5’Co LCG. The results are given
in Table IV and some typical spectra are given in Figures
5-7.

Massbauer spectra investigation of Fe LCG obtained by
reduction of FeCl; LCG by aromatic anion-radicals has
shown that the spectra are rather complex, and no distinct
HFS is found even at 80°K. A great number of magnetical-
ly ordered forms can be seen which are obviously in the su-
perparamagnetic state. The main feature of a paramagnetic
part of the spectra is the doublet with the parameters IS
0.60 mm/sec and QS 0.90 mm/sec which amounts to 20-
40% of the spectrum area. This doublet is observed after re-
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Figure 5. Mdssbauer spectra of Fe LCG obtained on reduction by lithi-
um diphenylide (7 80°K): (a) stage I, (b) stage 1.
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Figure 6. Mossbauer spectra of 57Co LCG of stage 11 obtained on re-
duction by lithium diphenylide before (a) and after (b) heating in hy-
drogen.
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Figure 7. Mgssbauer spectra of Fe LCG of stage I obtained on reduc-
tion by Na-NH3: (a) 300°K (b) 80°K.

duction of both FeCly LCG (of the stage I and II) and
FeCl, LCG and in emission spectra of 3’Co LCG. There-
fore it cannot be assigned to the incompletely reduced
FeCl; LCG. This doublet cannot be assigi:ed to free iron in
cluster or atomic state either as its IS does not correspond
to that of - and y-iron. Thus this doublet could be assigned
to complexes of zero valent iron, perhaps complexes with
graphite.

To remove the aggregated portion of iron which sepa-
rated from the graphite layers, samples were washed with a
mixture of alcohol and hydrochloric acid. After washing,
the doublet assigned to complexes of iron remained in all
cases. Further heating in a hydrogen flow at 500-600° led
to the formation of a-Fe phase as the main form of iron.

Therefore the Mossbauer spectra indicate the formation
of some zero-valent iron compounds, but one cannot ex-
clude the possibility of the presence of complexes of iron
with THF and/or biphenyl which could penetrate the inter-
layer spaces of graphite, To check this hypothesis we have

Vol'pinet al. /| Lamellar Compounds of Graphite with Transition Metals



SL61°11aung [ 2146 [ 4121008 [po1uayD uvorspwiy 341 fo [puinor

Table IV. Mossbauer Spectra Parameters of the Reduced LCG

0LEE

———Fe complex (narrow doublet) ~N High spin Fe** (wide doublet) — Magnetic forms (a-Fe) —————
300°K 80°K 300°K 80°K 300°K 80°K

IS QS IS QS f(80°K)/ IS (mm/sec) QS (mm/sec) IS (mm/sec) QS (mm/sec) IS IS Hyge, (80°K)/
Sample i (mm/sec) (mm/sec) f(300°K) 1 2 1 2 1 2 1 2 (mm/sec) Hige, kOe (mm/sec) kOe [f'(300°K)

FeCl, LCG 1.33 1.33 0.90 1.89 1.48 1.50 1.12 2.04
*7CoCl, LCG 1.38 1.42 1.20 2.14
a-Iron 0.37 330 0.46 336
FeCl, LCG reduced by 1.25 0.80 1.43 1.00 0.26 330 0.40 333
H, at 550°
Reduction by lithium
diphenylide
(a) FeCl, LCG stage | 0.59 0.45 0.62 0.90 1.65 1.54 1.62 1.51 2.44 0.51 341
(b) FeCl, LCG stage 1 0.68 0.71 0.83 0.85 1.60
(c) FeCl, LCG stage I 0.64 0.81 0.60 0.81 1.80 0.51 337
(d) *7CoCl, LCG 0.55 1.00 1.54 2.70 0.41 318
(e) FeCl, LCG stage II 0.51 337+ 15
(Hext = 20 kOe)
(f) mixture FeCl, with 0.61 0.71 0.72 0.73 3.5 0.20 280+ 15
graphite
Reduction by lithium
diphenylide, washing
and subsequent heat-
ing in H, at 500-600°
(a) FeCl, LCG stage ] 0.37 0 0.5 0.37 329 0.52 342 1.2
(b) FeCl, LCG stage Il 0.5 0.4 0.34 329 0.48 339 1.0
(c) FeCl, LCG stage 1 0.4 0 0.45 0.34 329 0.54 342 0
(d) FeCl, LCG stage | 0.36 312
Hext = 20 kOe
(e) FeCl, LCG stage 11 0.48 0.32 314
Hext = 20 kOe (19 kOe)
Reduction by other
reducing systems
(a) FeCl, LCG stage | 0.58 0.64
by Na—NH,
(b) FeCl, LCG stage | 0.61 0.66 0.73 0.66 2.5
by LiAlH, in THF
(c) FeCl, by LiAIH, 0.50 0.50
in THF
(d) FeCl, LCG stage I 0.74 0.73
by NaBH, in H,0

[=]




studied the reduction of FeCly; LCG by another agent, lithi-
um aluminum hydride. The same solvent, THF, is used and
as aromatic compound only graphite is present. The main
component of the Mdssbauer spectra (Table 1V) of Fe LCG
prepared in this way is a doublet of “Fe(0) complex” (65~
70% of the spectrum area at 80°K) with parameters close to
those of Fe complex formed on reduction by lithium diphen-
ylide (Table IV). Besides that a singlet of FeCl; LCG
(10%) can be found in the spectrum. Reduc..on of free
FeCl; by lithium aluminum hydride in THF results in dif-
ferent Mossbauer spectrum.

Reduction of FeCly; LCG by sodium boron hydride also
gives 35% of “Fe(0) complexes” and a doublet of a high
spin Fe(+2) is also present in the spectrum (Table IV). In
these iast experiments there were no aromatic hydrocarbons
in the system except graphite, -the solvents were different
(alcohol, water), but the same doublet was observed which
had been previously assigned to “Fe(0) complex” with
graphite.

Maéssbauer spectra of Fe LCG obtained after reduction
of FeCl; LCG by sodium in liquid ammonia were measured
at 300 and 80°K and are shown in Figures 6 and 7. These
spectra also contain the doublet similar to that of the
“Fe(0) complex” discussed above. Besides that a part of
iron atoms of LCG of the stage I and II enters into the su-
perparamagnetic clusters. Actually on cooling to 80°K clus-
ters are partially stabilized, and magnetic HFS relating to
the largest clusters begins to appear.

Consider now in greater detail the structures which pro-
duce the magnetic HFS in Mgssbauer spectra. On reduc-
tion of FeCl; LCG in mild condition, along with the para-
magnetic component in the Mdssbauer spectra, there is also
observed the absorption in the wide range of rates with the
weakly resolved HFS at 80°K (Figure 5). Thus in the case
of Fe LCG (obtained on reduction of FeCl; LCG stage 11
by lithium diphenylide) magnetic HFS does not appear at
all at 300°K, although in the external magnetic field of 20
kOe the very scattered component is also observed along
with the absorption in the spectrum’s central part. At 80°K
already two sufficiently distinct broadened line systems of
magnetic HFS have been observed.

Such behavior is specific for systems of superparamagne-
tic particles with considerable scatter in dimensions and
magnetic moments.2!-2> Magnetic moments of only the
largest particles, which are alone responsible for the scat-
tered HFS in Méssbauer spectra, are stabilized at 300°K in
a magnetic field of 20 kOe. The main portion of particles
remains in the paramagnetic state. On cooling down to
80°K there occurs the more complete stabilization of mag-
netic moments of the majority of particles.

Thus spectra of Fe LCG obtained on reduction by lithi-
um diphenylide (Figure 35) can be roughly interpreted as
conforming to three types of structures: (a) superparamag-
netic particles of «-iron (H, = 337 kOe), (b) clusters in
which the close surrounding of Fe atoms differs from that
of a-Fe (In particular the structure with monolayers of iron
atoms between graphite carbon nets corresponds to such a
situation. The magnetic moment of iron atoms decreases for
such clusters (H, = 280 kOe)), (c) the doublet component
of graphite complex with iron.

Discussion

One should consider three possible structures of LCG
with metals: (a) formation of metal complexes with graph-
ite, (b) formation of monolayers of metal atoms between
graphite layers, (¢) formation of aggregates of metal atoms
between graphite layers.

Consider now separately the results obtained on reduc-
tion of different metal chloride LCG.?*
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Table V. Found and Computed Thicknesses of Filled Layers of
the Metal Graphite Lamellar Compounds

Graphite
lamellar ——— Thickness of filled layer (3) ———
compounds Caled for compounds of the type
with metals Found van der Waals Olefinic Arenic
Fe 5.8-5.9 5.89 4.0-4.2
Co 5.6-5.8 5.85 4.0-4.2
Ni 5.7-5.8 5.97 4.0-4.2
Mn 5.7-5.9 5.83 3.9-4.0
Cu 5.7--5.9 5.91
Mo 3.7-4.0 6.15 4.5-4.7 3.5

Figure 8. "ldeal” arrangement of molybdenum atoms relative to the
carbon net of graphite in LCG with Mo.

The Chromium, Molybdenum, and Tungsten LCG.
MoCls, WClg, and CrCl3 LCG are reduced to the zero-va-
lent state under the action of different reducing agents.

The reduction of MoCls LCG of the stage 11, III, and IV
by the electronic reducers (sodium naphthalenide, lithium
diphenylide, and sodium in liquid ammonia) results in a
considerable spacing (identity period) decrease amounting
to 5.5 A (Table I). The distinctive peculiarity of the result-
ing Mo LCG is its filled layer thickness from 3.7 to 4.0 A
(Table V) regardless of reducing agent and the stage of ini-
tial MoCls LCG. This value is much smaller than the filled
layer thickness calculated in an additive fashion by sum-
ming the doublet atomic radius of molybdenum and the van
der Waals thickness of the graphite net (2(1.40) + 3.35 =
6.15 A). Such a significant discrepancy (6.15 — 3.80 = 2.35
A) points out a chemical interaction of Mo atoms with the
graphite net. It should be noted that the measured thickness
for the filled layers (3.7-4.0 A) is close to twice the ben-
zene-molybdenum distance in arenic complexes of molyb-
denum (3.5 A). This shows that the structure of Mo LCG
follows the pattern of bisarenic molybdenum w-complexes
and that graphite behaves in this LCG as an aromatic 7-li-
gand.

For the formation of such bisarenic structures the shift of
graphite carbon nets is necessary resulting in a carbon
atom-on-atom symmetrical position of two nets separated
by a metal atom layer. Such shift of graphite nets requires a
small energy of 1-2 kcal/(g atom C) and proceeds easily
even on LCG formation with alkali metals and acids.®

The method of synthesis of Mo LCG, i.e., the reduction
of MoCls LCG, results in compounds whose composition
correspond to 10 carbon atoms per each Mo atom in each
graphite layer. Proceeding from this and assuming the regu-
larity of Mo atoms distribution in the interlayer space of
graphite, the possible ideal model for distribution of Mo
atoms in a layer may be given (Figure 8). Here each six-
membered ring participating in m-complex formation is sur-
rounded by six “free” rings. However, the X-ray data avail-
able at present (not including the lattice parameters along
“a" and “b” axes) do not yet permit us to assign the actual
distribution of molybdenum atoms in a layer.
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Data on magnetic susceptibility might serve as a confir-
mation of a sandwich-like structure of Mo LCG since
MoCls LCG are paramagnetic and free atomic Mo should
be paramagnetic but Mo LCG with a bis w-arenic sand-
wich-like structure should be diamagnetic. The value of the
diamagnetic susceptibility of Mo LCG is one order smaller
than that of the initial graphite (Table III), which agrees
with an assumption of molybdenum w-complex formation
with the graphite carbon net,

We failed to obtain the X-ray diffractograms of W and
Cr LCG since the initial compounds (with metal chlorides)
were apparently highly disordered. The study of the mag-
netic properties of W LCG has shown that these compounds
are diamagnetic although atomic tungsten should be para-
magnetic. The susceptibility of the reduced compound is
—0.8 to —1.1 X 10% cgsm/g. A comparison of susceptibili-
ties of tungsten and molybdenum LCG shows that these
values are close to one another. Thus it can be supposed
that LCG with tungsten and molybdenum have similar
structures; i.e., W LCG is a w-complex of bisarenic type
where graphite nets act as aromatic ligands.

Chromium should form compounds of a similar type. The
study of the susceptibility of Cr LCG has shown that they
are slightly paramagnetic and this can be related to the
presence of impurities of either chromic oxides or some bis
graphite chromium cations.

The Iron LCG. The more complex situation is in the case
of reduction of FeCl; LCG and FeCl, LCG. Under the ac-
tion of such reducing agents as aromatic anion-radicals, so-
dium in liquid ammonia, and lithium aluminum hydride, re-
duction of the salt without escape of iron from the inter-
layer space occurs. Fe LCG of stages I and II have been ob-
tained where the filled layer thickness is 5.8-6.0 A (Table
V), which corresponds to the sum of van der Waals dimen-
sions. In graphite w-complexes of allylic or olefinic types the
filled layer thickness should be equal to 4.0-4.4 A. In some
X-ray diffractograms of LCG of the stage I there are lines
which could be assigned to the spacing of 4.4 A; however,
these lines are badly reproduced. Thus the observed X-ray
pattern of Fe LCG clearly shows the presence of metal
atom monolayers between graphite layers with the van der
Waals interaction between them. However, this pattern
does not reject the formation of other types of compounds.

The data of Mossbauer spectra turned out to be much
more efficient in this respect. It appeared that in the over-
whelming majority of samples thc iron was present in layers
in two forms: (a) magnetically ordered form, ferromagnetic
and superparamagnetic iron, and (b) paramagnetic form
(doublet, IS = 0.6 mm/sec, QS = 0.9 mm/sec). This dou-
blet is registered on reduction of both FeCl; and FeCl,
LCG under the action of different reducing agents such as
aromatic anion-radicals, sodium in liquid ammonia, and
lithium aluminum hydride. One can assume that this dou-
blet is related not to atomic iron but to iron associated in a
“weak complex” with graphite since its IS differs essential-
ly from that of iron in « and vy forms. The area of the dou-
blet shows that the quantity of iron in this form is 20-40%
of the total quantity of iron in the case of reduction by lithi-
um diphenylide and up to 90% (together with paramagnetic
clusters) in the case of reduction by sodium in liquid ammo-
nia. Magnetic measurements also agree with those data and
demonstrate that the main part of the iron in these com-
pounds is in the paramagnetic state. A study of the magnet-
ic susceptibility changes with temperature has made it pos-
sible to determine the magnetic moment of iron in “‘iron
complexes” which appears to be equal to 4.8 BM and corre-
sponds to four unpaired electrons.

The data available do not permit determination of the
exact nature of such complexes and only some assumptions

can be made. On the basis of magnetochemical and Mdss-
bauer spectroscopy data one can postulate a 4s electron
density transfer from Fe(0) (3d®4s2) to graphite in this
“complex,” the iron atom thus obtaining a structure close to
3d640-33,

The Cobalt, Nickel, Manganese, and Copper LCG. Re-
duction of CoCl3, NiCly, MnClj,, and CuCl, LCG by anion-
radicals results in the reduction of salt to metal without its
escape from graphite. The spacings (identity periods) of re-
duced compounds of the stages I and II are 5.6-5.8 and
9.3-9.6 A, respectively. The thickness determined for a
filled layer of Co, Ni, Mn, and Cu LCG (5.6-5.8 A), simi-
lar to LCG with iron, corresponds to the sum of the van der
Waals thickness of the graphite net and the metal atom di-
ameter. However, one cannot rule out a possibility for a
part of metal atoms in these compounds to form complexes
with graphite nets of the same type as in the case of iron.
Such formation of complexes has been confirmed for Co
LCG. In this case the use of the 57Co isotope transforma-
tion into 5’Fe as a result of K-capture enables Mdssbauer
spectroscopy to be applied. The same doublet as in the case
of graphite compounds with iron is registered in the para-
magnetic part of the Mdssbauer spectra of 7Co LCG
(Table IV). The doublet can be assigned to the cobalt com-
plexes (similar to iron complexes) with some kind of inter-
action between Co atoms and graphite nets.

One can also suppose that at least in the case of Ni LCG
there are complexes with graphite similar to iron complexes
since a discrepancy in nickel content determined on the
basis of magnetic data (ferromagnetic nickel) and chemical
analysis (total nickel content) is observed. The same regu-
larity is registered as in the case of iron LCG; the difference
in nickel content decreases when passing from reduced com-
pounds to the washed ones and almost completely vanished
in heated samples.

As far as Cu LCG are concerned, magnetic measure-
ments are of little value since both copper and graphite are
diamagnetic. The X-ray data show that both copper and its
oxides are present in those LCG.

Investigation of magnetic susceptibility of Mn LCG has
shown that the compounds are paramagnetic (1.07 X 10~°
cgsm/g in the case of LCG with 13% Mn and 2.34 X 1073
cgsm/g in the case of LCG with 27% Mn), However, a con-
tamination by manganese oxides (according to X-ray data)
prevents the determination the magnetic moment of manga-
nese atoms.

We believe that the LCG prepared should have some in-
teresting catalytic properties. Firstly, these compounds con-
tain the metal in a free atomic state or in the form of weak
complexes, the graphite layer preventing the aggregation of
the metal atoms to the bulk metal. Secondly, the very high
conductivity of the graphite layers should facilitate electron
transfer reaction. Finally, the selectivity could be due to the
fixed distances between the layers which are filled by metal
atoms.

Indeed we have found some examples of catalytic activity
of the compounds.2® For example nickel LCG is a selective
catalyst for the formic acid and alcohol dehydrogenation
without dehydration: formic acid decomposed to CO, and
H;, ethanol gives acetaldehyde, isopropyl alcohol-acetone,
cyclohexanol-cyclohexanone, etc.
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Abstract: The existence of octahedral solvates of the Al3*+ cation with trialkylphosphates, phosphonates, dialkyl hydrogen
phosphites, and a tetrahedral solvate of hexamethylphosphorotriamide (HMPA) is shown by their 2Al and *!P NMR spec-
tra in nitromethane. The kinetics of the exchange of free (A*) and bound (A) ligand molecules, AlAg3* or AlAZ* + A* —
AlAsA*3+ or AIA3A*3* + A, have been investigated. Sharply contrasting conclusions are reached for hexa- and tetracoordi-
nated aluminum(III). The rate laws are respectively zero and first order in free ligand for octahedral and tetrahedral sol-
vates. These data are consistent with a dissociative and an associative substitution mechanism, respectively. This mechanistic
change is accompanied by a strong decrease of the activation enthalpies and entropies. Typical values are k250 = 5.1 sec™!
and 4.8 X 103 M~1sec™!, AH? = 19.8 and 7.7. kcal mol~!, AS? = 6.9 and —10.2 eu for Al(dimethylmethylphosphonate)s3*
and AI(HMPA)43*, respectively. Aqueous solutions of these solvates were also examined by 27Al NMR; separate resonances

are observed for the whole range of the various species: AIA;(H,0)¢—;3*, i = 0-6.

A point of interest in the study of dissolved ions and their
effect on the structure of the surrounding medium is the
constitution of the first solvation shell. In this respect,
NMR spectroscopy has proved to be an invaluable tool
since, in electrolyte solutions, the presence of ions modifies
the charge distribution in molecules of the solvent coordina-
tion sphere and therefore the shielding of their nuclei. The
most direct method uses systems in which the exchange of
solvent molecules between the various species is sufficiently
slow that separate resonances are observed for the free and
bound solvent, S¢ and Sy, respectively.! However, the scope
of this method is sharply restricted to a few ion-solvent sys-
tems on account of the NMR time scale, and few cations
can be studied in this manner. Al3* solvation shells have
been extensively studied in the past in a variety of organic
solvents by proton NMR.2-7 Some extension of the possible
cation-solvent systems can be hoped for on account of the
larger chemical shifts of other nuclei in the solution. In
1969 and 1971, we proposed using 3'P# and !3C? spectros-
copy of organophosphorus solvents, all containing the phos-
phoryl P==0 solvating link: trimethyl- (TMPA) and trieth-
ylphosphates (TEPA); dimethylmethyl- (DMMP) and di-
ethylethylphosphonates (DEEP); dimethyl hydrogen phos-
phite (DMHP); hexamethylphosphorotriamide (HMPA).

The present paper is chiefly devoted to the study of the

NMR properties of the aluminum cation itself in the same
series solvents. Aluminum-27 is an attractive nucleus on ac-
count of its high sensitivity and of a 100% isotopic abun-
dance. However, its spin number, I = %, results in a nuclear
quadrupolar moment strongly interacting with electric field
gradients which originate in an asymmetrical arrangement
of the ligands around the A1>* cation. Therefore cubic sym-
metrical complexes such as AI(H;O)g** are necessary for
observation of sharp lines. Any deviation from pure cubic
symmetry brings forth a characteristic line broadening, as it
was shown !0 for the ion pair AI(H,0)s(HSO4™)2+.

Our previous studies'!-14 only used aqueous solutions of
the A3+ cation in an organophosphorus cosolvent A, result-
ing in the presence of several unsymmetrical solvates: S; =
AlA;(H;0)¢—;, i = 0-6. More simple systems are there-
fore, desirable for an initial study. We then planned to
study the aluminum cation coordinated to identical organo-
phosphorus ligands; octahedral AlAg®*, 3C1O4~ and tetra-
hedral AI(HMPA)4**, 3CI04~ solvates were then prepared
in the solid state!® and dissolved in nitromethane, an inert
solvent.!® Such a medium also allowed an easier kinetic
study by permitting addition of variable amounts of the free
ligand. A significant comparison of substitution reactions of
octahedral and tetrahedral complexes of the same cation is
then possible. In a second step, aqueous solutions of these
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