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Thermodynamic studies of the equilibrium in the direct-synthesis reaction of 
dibenzenechromium from benzene and chromium were carried out. The reaction 
of gaseous chron&m with the solid ligand is shown to be the most probable 
mechanism of the process. The thermodynamic and kinetic stabilities of diben- 
zenechromium and their relation to the decomposition reaction resulting in the 
formation of solid chromium are discussed. 

Thermoaynamic calculations have been performed previously [l] for the di- 
benzenechromium decomposition process of reaction 1, within the temperature 
range 298-1000 K. 

GW,Wd =+ Ws) + ‘=,J%(g) (1) 

The equilibrium constant value has been shown to increase with rising temper- 
ature, and the isobaric-isothermal potential variation has been calculated within 
the temperature range 298-800 K and at pressures of 1O-s-lO7 atm. Only at 
pressures of more than lo7 atm. does the isobaric-isothermal potential variation 
lead to a reversal of sign, i.e. the equilibrium is shifted largely to the formation of 
dibenzenechromium. 

We have carried out thermodynamic investigations on direct dibenzenechro- 
mium synthesis. In recent years much literature on the direct-synthesis of or- 
ganometallic compounds has appedred. The direct-synthesis reaction conditions 
differ greatly from traditional ones; direct-synthesis reactions are carried out in 
a high-vacuum reaction vessel (P= 10-5-104 Torr), the walls of which are cooled 
to liquid nitrogen or liquid helium temperature. Into this the gaseous organic 
or inorganic compound is introduced, and condensed on the vessel walls with 
simultaneous metal evaporation from the evaporator and co-condensation of 
atomic metal with the frozen compound. In the literature there is no completely 
adequate explanation of the mechanism of these reactions and the given method 
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is either referred to. as, synthesis in vaponr or-synthesis. by co-condensation of 
atomic metal with a substance condensed on’ the reaction vessel walls. Using 
thermodynamic calculations, the mechanism-of these reactions, which may be 
in the gaseous, solid or gas/solid phase etc., can be.expIained in more detail. The 
values used for the thermodynamic calcultitions are listed in Table i. 

We calculated the isobaric-isothermal potential variation (AG kc& mol-‘) for 
the following reactions: 

Ws) + 2&H,(g) = (C6H&Cr(g) (AG = 27.2) 

e(s) + 2C,H,(g) - zss (C,H,),Cr(s) (AG = 18.9) 

a(g) + 2&H,(g) - = (C,H,),ti(g) (AG = -57.4) 

Q(g) + i&He(g) = (C6H6)&r(s) (AG = -65.5) 

cr(g) + 2C6H6(i) - 298K_ (C,H,),Cr(s) (AG = -62) 

a(s) + 2&H,(s) - 77 (C6H6)&r(s) (AG = 16.6) 
. . 

77 K 

(la) 

(2) 

(3) 

(4) 

(5) 

(6) 

a(g) + 2C6H6tS) = (C6H6)&r(s) (AG = -70) (7) 

a(g) + 2&&(g) _ loo0 (C&H&Cr(g) (AG = -30.3) (8) 

Thus, reactions 3, 4, 5, 7, and 8 can be considered thermodynamically possible. 
The fact that the equilibrium in reactions la, 2 and 6 is shifted to the left is 
explained on the basis of experimental observations. After completing the syn- 
thesis, unreacted chromium metal powder which is formed as a result of chro- 
mium atom aggregation, remains in the reaction vessel; since chromium powder 

TABLE 1 

THE THERMODYNAMIC QUANTITY VALUES USED IN THE CALCULATIONS 

Substance state Of T(K) ff~ SF References 
aggregation (kcal mol-’ ) <Cal mo1-’ TX-’ ) 

solid 77 0 0.66 2 

Cr 238 0 5.7 3 
g== 77 93-f 34.8 2.4 

298 94.8 41.64 3 

1000 98.3 44.1 4 
soIid 77 4.89 8.2 2 

C&B lisuid 298 11.72 41.3 3 
gas 298 19.82 63.34 3 

1000 46.58 106.73 5 
solid 77 27.7 15.2 6 

<C,H6)2Cr 238 35 54.07 6.7 
gas 298 54.6 92.87 6.7 

1000 106.5 202.9 1 

o In the calculations gaseous chromium was taken as an ideal gas. 
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does not react with benzene under ordinary conditions. In order to carry out ’ 
the pure gas-phase reactions 3,4, and 8 a termolecular collision is.required, the 
probability of which is extremely small due to the fact that in all reaction ves- 
sels used, the distance from the evaporator to the walls does not exceed lo-15 
cm, yet the free-path length of the particles under the reaction conditions studied, 
greatly exceeds this value. The free-path length at pressures 1, 10J and 10d Torr 
are equal to 6.5 X lo”, 6.5 and 6.5 X lo3 cm, respectively [S]. The termolecular 
collision probability (2,) is related to the bimolecular collision probability (2,) 
for gas-phase reactions, by Z3/.Z7 = 10” X P, where P is the gas pressure in atm. 
in the system at 300 K [9]. When it is considered that the pressure P under di- 
rect-synthesis reaction conditions is equal to lOa - lo6 Torr, i.e. 10” - lo-’ 
atm., then the termolecular collision probability, Z3 = (lo-’ - 10-‘“)ZZ is seen 
to be extremely small in magnitude. 

Thus it is evident that the direct-synthesis reaction is the gas-solid reaction 7. 
On this basis, some conclusions relating to the direct-synthesis mechanism can 
be drawn. 

The metal atom, formed by metal evaporation, on striking the condensed 
ligand surface loses its excess energy, even on collision with the firs’t molecule 
of the condensed ligand. This conclusion can be made by evaluating the kinetic 
energy and the weak penetrating ability of the atom. In this case localized over- 
heating of the condensed ligand occurs, which facilitates diffusion of the metal 
atom and ligands, and this in turn promotes a spatial orientation favourable to 
interaction in the ligand matrix. By intensive metal evaporation the probability 
of metal-atom encounter and aggregation increases. Metal in the consensed state 
does not react. This may explain both the decrease in yield of the organometallic 
compound formed, and the formation of metal powder. Ligand melting is pos- 
sible by intensive metal evaporation and the freezing of a thick ligand layer onto 
the reaction vessel walls, resulting in diminished heat transfer. Reaction 5 of 
gaseous metal and liquid ligand may occur in this case, but heating the ligand 
layer would cause its intensive evaporation and rising pressure in the reaction 
vessel. 

For an estimate of metal atom isolation in the ligand matrix, on which the 
metal aggregation as well as the product yield depends, the ratio M/R can be 
used, where M is the number of atoms or molecules of the matrix, and R is the 
number of atoms of the metal_ From the spectroscopic study of atoms isolated in 
a matrix, it was reported [lo] that good isolation is reached even at M/R = 300, but 
this is only true for a matrix which is inert to metal. For direct-synthesis such 
an excess of ligand is evidently not needed as a metal atom reacts with a ligand 
forming an organometallic compound which itself becomes part of the matrix. 
M/R = 6-100 is usually used in studies on direct-synthesis. Further cooling of 
the reaction vessel walls (to liquid helium temperatures) makes the ligand matrix 
more “rigid” and metal atom diffusion is therefore hindered and their aggrega- 
tion probability is decreased. 

The investigations carried out allow us to draw certain conclusions relating 
to the thermal decomposition of such compounds as bisarenechromium. During 
thermal decomposition, the phase in which chromium is isolated plays a sub- 
stantial role in equilibrium displacement. By chromium atom adsorption on 
solids (substrate) or by aggregation with one another, accompanied by the for- 
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mation of chromium in the solid phase, the reakon equihbrium must be shifted 
towards decomposition as a result of the low m&lity -of &on&urn atoms at 
temperatures of decomposition of bisarene&romium compoun&. Calculation of 
the variation of the isobaric-isothermal potential in reaction-8 shows that even 
at 1000 K the gaseous phase equilibrium is shifted towards dibenzenechromium 
formation. 

Thermodynamic calculations have shown that dibenzenechromium is thermo- 
dynamically stable in the absence of solid chromium, even at temperatures above 
1000 K (reaction 8). Yet, at high temperatures and in the gaseous phase diben- 
zenechromium must be kinetically unstable in spite of its thermodynamic sta- 
bility, as the probability of the reverse unimolecular reaction (dibenzenechro- 
mium decomposition (la)) is greater than the probability of the direct termo- 
lecular synthesis reaction (la). The probability of chromium atom aggregation, 
to a first approximation, depends upon the probability of bimolecular collision 
(2,) and the synthesis reaction probability depends upon the termolecular col- 
lision (2s) probability. Consequently, the probability of isolation of solid chro- 
mium in the gas-phase reaction is greater than the probability of the termolec- 
ular gas-phase synthesis reaction. In turn, traces of solid chromium must shift 
the equilibrium towards decomposition; the chromium atoms behaving as ac- 
tive centkes (autocatalysis). 
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