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The  d i scovery  o f  f e r rocene  ini t iated a v igorous  de -  
v e l o p m e n t  o f  the  o r g a n o m e t a l i i c  chemistry, of  t r ans i t ion  
metals .  C y c l o p e n t a d i e n y t  der ivat ives  of  i ron and  o t h e r  
t rans i t ion  me ta l s  are  o f  great  s ignif icance for f u n d a m e n -  
tal sc ience  a n d  widely  used in pract ice ,  for example ,  as 
c o m b u s t i o n  ca ta lys ts ,  an t iknocks ,  medic ines ,  and  in the  
p repa ra t ion  o f  va r ious  films. F u n d a m e n t a l s  o f  s o m e  
areas of  a p p l i c a t i o n  o f  me ta l locenes  have been  f o u n d e d  
in the  works by A. N. N e s m e y a n o v  and  his col leagues.  1,2 

Studies  o f  t he  t h e r m o d y n a m i c  proper t ies  o f  these  
c o m p o u n d s  a l low o n e  to d e t e r m i n e  the o p t i m u m  c o n d i -  
t ions  o f  var ious  c h e m i c a l  react ions  and  processes.  H o w -  
ever,  despi te  the  u rgen t  c h a r a c t e r  of  these  studies,  s t a n -  
dard  e n t h a l p i e s  o f  f o r m a t i o n  have been  s tudied  up  to 
present ly  on ly  for  67 me ta l l ocene  der ivat ives  and  da ta  
on  the  t e m p e r a t u r e  d e p e n d e n c e  o f  the heat  capac i ty  
have been  o b t a i n e d  on ly  for 15 c o m p o u n d s ,  i nc lud ing  
mixed c o m p o u n d s .  Desp i te  the  fact tha t  n u m e r o u s  i ron 
c y c l o p e n t a d i e n y l  der iva t ives  are known,  t h e r m o d y n a m i c  
s tudies  have b e e n  p e r t b r m e d  for  fe r rocene  only. 3--s 

In this  work ,  t h r e e  iron cyc lopen tad ieny l  c o m p o u n d s  
were inves t iga ted :  ace ty t f e r rocene  (AF) ,  I , l ' - d i a c e t y l -  
fe r roeene  ( D A F ) , - a n d - t v l  "-diethylferroeene (DEF) .  T h e i r  
t h e r m o d y n a m i c  f u n c t i o n s  were c o m p a r e d  wi th  those  o f  
f e r rocene  (Fig.  I, a).  

Experimental 

Aeetylferrocene (AF) was obtained by acylation of fer- 
rocene with acetyl chloride in the presence of A[CI3 .6 AF was 

purified from ferrocene and 1,1 '-diacetytferrocene by recrystal- 
lization from a cyclohexane--chloroform mixture. After the 
solvent was removed, orange crystals of AF were obtained in 
30--35% yield. Based on the melting point (361.0+_0.5 K) and 
data of elemental and I R spectroscopic analyses, the content of 
admixtures in the AF sample was < 1.0 wt.%. 

l , l ' -Diaeetylferrocene (DAF) was obtained by the previ- 
ously described procedure, 7 during longer acylation of fer- 
rocene in the presence of a minor excess of Lewis acid with 
recrystallization from hot chloroform. The red crystals ob- 
tained were washed with small portions of chloroform and 
dried at a reduced pressure (the yield was 50--60%). Accord- 
ing to the data of elemental and IR spectroscopic analyses, the 
content of the main substance in the DAF sample was no less 
than 99.5 wt.%. 

l , l ' -Diethylferroeene (DEF) was obtained by the reduction 
of 1,1 "-diacetylferrocene with activated zinc in the presence of 
cone. HCI 6,7 and purified by fractional distillation at a re- 
duced pressure, taking the medium fraction with b.p. 361 K 
(0.15 Torr), the yield being 50--70%. The content of admix- 
tures in the DEF sample, according to the results of calorimet- 
ric measurements, was 0.36 tool.%. 

A vacuum adiabatic calorimeter was used to determine the 
heat capacity. Adiabatic conditions were maintained by two 
screens that surrounded a calorimetric platinum 15-cm 3 am- 
pule and had constantan heaters. Pockets f o r  platinum and 
germanium resistance thermometers were arranged along the 
axis of the ampule, and an induction-less constantan heater was 
mounted on the side surface of the ampule. The temperature 
difference between the ampule and internal screen (as well as 
between the screens) was monitored by batteries of differential 
"copper--iron-doped gold" thermocouples. The temperature of 
the screens was controlled automatically. The heat capacity of 
crystalline AF was measured in the 5--300 K temperature 
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Fig. 1. a. Temperature dependence of the heat capacity of 
crystalline ferrocene in the 0--300 K range (experimental data5). 
b, c. Temperature dependences of the total energy of ferrocene 
in the condensed state (b) and potential energy of gaseous 
ferrocene (c) obtained by the molecular dynamics method (0-- 
300 K). The experimental temperature dependence of the heat 
capacity of crystalline ferrocene in the 17--45 K interval is 
shown in insertion. Here and in Figs. 2--4, the following 
designations were used: E is energy, T is temperature, and t is 
time during which the temperature increases linearly. 

range (86 experimental points, Fig. 2. a), and the weighed 
sample of the compound was 4.5139 g (I .979.  10 -2 tool). 
The heat capacity of crystalline DAF was measured in the 
5--300 K temperature range (84 experimental points, Fig. 3, 
a), and the weighed sample of the compound was 4.5723 g 
(1_693-t0 -2 tool). For DEF, 120 experimental points were 
obtained (Fig. 4 a), and the weig!)ed sample of DEF was 
5.9547 g (2.459- 10 -2 mol l  The heat capacities o fAF ,  DAF. 
and DEF were 40--80% of the total heat capacity of the 
ampule filled with the substance. 

Potentiometers (accuracy class 0.005 and 0.002) were used in 
electric circuits applied for measurements of a voltage drop and a 
current in the heater of the ampule and thermometers. Measuring 
thermometers (germanium, for the work in the 4--12 K range, 
and platinum, for temperatures above 12 K) were produced and 
calibrated in the Research Institute of Physicotechnical and 
Radiotechnical Measurements of the Committee of Standards of 
the Russian Federation. The time of current passing through the 
heater of the ampule was measured by a printing chronograph 
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Fig. 2. a. Temperature dependence of the heat capacity of 
crystalline AF in the 0--300 K range (experimental data). 
b, c. Temperature dependences of  the total energy of AF in the 
condensed state (b) and potential enemy of gaseous AF (c ~) 
obtained by the molecular dynamics method (0--300 K). 

with an error of 0.002 s. The enemy equivalent of the calorimeter 
was determined by measuring the heat capacity of the calorimet- 
ric ampule filled with helium to a pressure of 40 Torr. Deviations 
of experimental points from the smoothed curve (both in the 
determination of the energy equivalent and measurement of the 
heat capacity of the substances under  study) did not exceed 0.2% 
at temperatures above 60 K and increased gradually to 1% at 
temperatures < 10 K, To verify the procedure with respect to the 
value of the systematic error, the heat capacity of benzoic acid 
(K-I trade mark, D. [. Mendeleev Research Institute of Metrol- 
ogy, St. Petersburg) was measured. The results coincided with the 
known values of heat capacity of benzoic acid 8 with an error of 
2% in the 5--10 K range; 0.8%, in the 10--25 K interval; and 
-0.2%, at higher temperatures. Taking into account that the 
thermodynamic functions are calculated by the integration of the 
curves C o = fl 73 and Cp = ~ ln  7) (where Cp is the heat capacity, 
and T iS-i:emperatiirej, we assui~e their the  errrr  of fheir values 
(Tables I and 2) is the same. A correction for the curvature of the 
Cp = fl 7) function in the calculations of the heat capacity was 
not applied. -~ 

Enthalpies of combustion of  substances were determined on 
a V-08 calorimetric setup with a stationary bomb. 9 The electric 
energy was dosed during combustion by the discharge of a 
capacitor battery (capacity 8000 ;aF, V = 30 V). The tempera- 
ture rise in experiments was measured by a platinum resistance 
thermometer (R -- 50 Ohm) switched in a Whitestone bridge 
scheme. The energy equivalent of the calorimeter was estab- 
lished by standard benzoic acid (K- I  trade mark). Prior to 
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Fig. 3. a. Temperature dependence of the heat capacity of 
crystalline DAF in the 0--300 K range (experimental data). 
b, c. Temperature dependences of the total energy of DAF in 
the condensed state (b) and potential energy of gaseous DAF (c) 
obtained by the molecular dynamics method (0--300 K). 

experiments, 1 mL of water was introduced into the bomb. 
Ct2,'stalline AF and DAF were burned as three-tbur pellets of 
I -10  -4 kg in a thin quartz crucible with several holes in 
the side walls. To provide a high degree of combustion and the 
needed temperature rise, a pellet of benzoic acid with the 
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Fig. 4. a. Temperature dependence of the heat capacity of 
liquid (1), crystalline (2), and glassy (3) DEF in the 0--300 K 
range (experimental data), b, c. Temperature dependences of 
the total energy of DEF in the condensed state (b) and potential 
energy of gaseous DEF (c) obtained by the molecular dynamics 
method (0--300 K). 

Table 1. Heat capacity (Cp) and thermodynamic functions of crystalline AF 
and DAF 

T/K C .  H( 13 - H(O) S( 13 - I  a( 13 - a(0)l 
/J mol -~t K-I /kJ tool -I /J tool - ]  K -1 /kJ mol -I 

Acetylferrocene 

5 0.463 0.0006 0.157 0.0002 
50 58.85 1.299 40.94 0.7479 
100 98.80 5.319 95.08 4.189 
15.0 131.3 I 1.08 14L3 10.12 
200 167.2 18.53 183.9 18.26 
250 204.6 27.82 225.2 28.50 
298.15 244.5 38.62 264.6 40.29 

I, I "-Diacetylferrocene 

5 0.384 0.0009 0.065 0.0006 
50 72.84 1.539 47.12 0.8173 
I00 122.8 6.257 114.3 4.904 
150 164.4 13.71 172.0 12.09 
200 207.2 23.00 225.2 22.03 
250 251.0 34.45 276. I 34.57 
298.15 293.9 47.54 324.0 49.02 
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Table 2. Heat capacity (Cp) and thermodynamic functions of glassy, crystalline, 
and liquid DEF 

T/K Cp H(7')- H(0) 5'(73 -[G(T) - G(O)I 
/J mol -} K -1 /kJ mol -} /J mol -I K -I /kJ mo1-1 

G lass 

5 1.098 0.00182 0.5551 0.00096 
50 66.60 1.532 50.68 1.002 
100 116.3 6.162 112.9 5.131 
140 162.5 11.62 158.5 10.56 

Crystal 
5 t .098 0.00182 0.5551 0.00096 
50 64.30 1.517 50.35 1.001 
100 109.7 5.884 109. I 5.029 
150 154.5 12.49 162.1 11.82 
200 200.8 21.37 212.9 21.21 
236_95 235.1 29.43 249.8 29.75 

Liquid 

236.95 309.6 50.46 338.5 29.75 
250 317.3 54.55 355.3 34.28 
298.15 348.2 70.56 413.8 52.82 

corresponding weight was also placed in the crucible. Liquid 
DEF was burnt in sealed polyeIhylene ampules. Specially puri- 
fied oxygen was used for burning (pressure 3 �9 106 Pa), In each 
experiment, gaseous products of combustion were analyzed for 
the content of carbon dioxide, whose amount was used for the 
calculation of the weight of the substance taken tbr the experi- 
ment. To determine the composition of solid products of 
combustion, quantitative X-ray phase analysis was used. In all 
cases, Fe304 with an admixture of Fe203 (on the average, to 
10 wt.%)* was formed, which corresponds completely to s~mi- 
lar results on combustion of ferrocene, s 

Results and Discussion 

Heat capacity 

The heat capacity of  crystalline AF increases mono- 
tonically in the range from 5 to 300 K without any 
anomalies. The enthalpy (H ~ and entropy (S ~ of AF 
were calculated from the curves of  the dependences of 
the heat capacity on the temperature and the logarithm 
of temperature: 

T 
[ ~ ( / 3  - /4o(0)1 = J'epdT: 

0 

T 

s'( r~ = I G din T. 
o 

The Gibbs funct ion (G ~ ) at each temperature was 
calculated from the data on enthalpy and entropy by the 
Gibbs--Helmhol tz  equation: 

[G~(7) - Go(0)I = [HO(73 - Ho(0)] - T. SoiT). 

* In the calculation of the enlhalpy of combustion of ferrocene 
derivatives, the correction for the content of 10 wt.% Fe203 in 
Fe30 , was --0.8 kJ tool -z (calculated per iron content in the 
sample). 

The results of  calculations and the averaged values of  
heat capacity of  AF are presented in Table I. 

The C r values in the temperature region <5 K, 
which are necessary, for the calculation of the thermody- 
namic functions of  AF and DAF,  were obtained by 
extrapolation of  the experimental Cp = f iT)  curve to 
0 K by the equations Cp = 4D(88.75/T) and Cp = 
10D(128.2//) ,  respectively. The D coefficient and char- 
acteristic temperature were found from the heat capaci- 
ties of AF and DAF in the 5--11 K region. The result- 
ing equation describes the experimental  Cp values at 5--  
I 1 K with an accuracy of 0.5% and 0.2% for AF and 
DAF, respectively. It was accepted that this equation 
describes the heat capacities o f  AF  and DAF at lower 
temperatures with the same accuracy. 

As in the case of AF, the heat capacity of DAF in- 
creases monotonically in the range from 5 to 300 K. The 
enthalpy and absolute entropy of  DAF were calculated 
from the curves of  the Cp =) ' (7)  and Cp =f l inT)  depen- 
dences, respectively. The Gibbs function at each tempera- 
ture was calculated by the Gibbs--Helmholtz  equation. 
The results of  calculations are presented in Table 1. 

Under conditions of the calorimetric experiment, 
DEF  was crystallized and underwent  glass transition 
(Fig. 4, a). The glass transition o f  liquid DEF on fast 
cooling (with a rate of 0.3 K s - t )  is associated with the 
fact that the molecular structure of  DEF is a nonrigid 
system in which free rotation o f  ethytcyclopentadienyl 
ligands and free rotation of  ethyl groups about the 
CsH4----~H2 bond occurs. The latter very much impedes 
crystallization, unlike that of  ferrocene, and results in a 
decrease in the melting point. The  glass transition tem- 
perature (Tg) determined from the break on the plot of  
the temperature dependence o f  the entropy of  the sub- 
stance near T 8 is equal to 142.5+0.5 K. The heat ca- 
pacities of the glass and supercooled liquid were mea- 
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sured in the 5--145 K range. The crystal was obtained 
during crystallization of the devitrified liquid under 
conditions close to adiabatic.  Its heat capacity in the 
region from 5 K to the melting point was studied. On 
slow cooling of  liquid DEF,  a supercooled liquid was 
obtained, whose heat capacity was measured in the 
range from 230 K to the melting point of DEF. The 
heat capacity of liquid D E F  was studied in the interval 
from the melting point to 300 K. 

To determine the melting point  of  DEF. equilibrium 
melting temperatures (TF) at different fractions of the 
melt (F) in the sample under study were measured on a 
calorimeter. The melting temperatures of the sample 
under study (Tin) and D E F  (100% purity) (Tin ~ were 
determined from the T g = t i r o l )  plot described by the 
equation TF = Tm~ - F-I(Tm ~ - 7~), respectively: 

T m = 236.~7+_0.01 K, Tm~ = 236.95+_0.01 K. 

The enthalpy of melting (Am/-/) of DEF was mea- 
sured by the method of cont inuous  energy supply, cal- 
culating it from the equation 

r,;', r, r, 
AmH = ,5.tt,- ~ C;rdr - I C~ q d r -  ~C OT('(M/ra). 

where AH I is the total amount  of the energy supplied 
during continuous heating of  the calorimeter with the 
substance from the initial T O < T m  ~ to the final tempera- 
ture Tl > Tin0; (;'pC r and Cp liq are the heat capacity of  
crystalline and liquid DEF,  respectively; C a is the heat 
capacity of  the calorimetric ampule;  m is the weighed 
sample of the DEF; and M is the weight of I mole of  
DEF. The value AmH = 21033+25 J tool - I  was found 
from two experiments. 

The total content  of  admixtures (X~) that do not 
form solid solutions with the main substance in the 
DEF sample was calculated from the equation 

AmH 
- I n ( J  - x2) = R ( r~O)2  -~r, 

where AT = 0.08 K is the depression of the melting 
temperature of  DEF.  We found X 2 = 0.36+0.02 mol.%. 

The values o f  the heat capaci ty  of crystalline DEF 
for temperatures <5 K were obtained by extrapolating 
the experimental curve of  heat capacity to 0 K by the 
equation Cp = 3D(61.4/TI,  in which the D coefficient 
and the characteristic temperature  were found from the 
experimental values of  the heat capacity of  crystalline 
DEF in the 5--18 K temperature  range. The equation 
obtained describes the experimental  Cp values of  crystal- 
line DEF in this temperature range with an error of  
0.25%. It was accepted that this equation describes the 
heat capacity of  crystalline D E F  at lower temperatures 
with the same accuracy. The results of calculation of  the 
thermodynamic functions of  crystalline, glassy, and liq- 
uid DEF and the averaged heat capacity values are 
presented in Table 2. 

The difference between the zero enthalpies and the 
zero entropy of glassy D E F  were calculated by the data 
on the @ = f l ? 3  dependence for glassy and crystalline 
DEF:  

[H~ - H%r(O)l = ~[ C f  r - Cpgld/'+ ~H = 
0 

= 11.14+0.05 kJ tool - l ,  

s~(0) = f i G " -  G~I d l n r +  A ~ H / T m  ~ = 
0 

= 31.0+0.05 kJ (tool K) -I, 

where Cpg is the heat capaci ty  of  glassy DEF; H~ and 
H~: r are the enthalpies o f  glassy and crystalline DEF, 
respectively. 

The corresponding differences of  the Gibbs function 
in the temperature region from 0 to Tg were calculated 
from the obtained results: 

G~J T) - ~r = [H'g(0) - H % / 0 ) I -  TS~(0), 

where [~)g(0) - H~ is the difference of enthalpies 
of  glassy and crystalline DEF.  

The values obtained at a pressure of 101.325 kPa are 
presented below: 

T/K O 50 i00 140 

G'~g(? ') - G~cr(T) 11.14 9.59 8.04 6.80 

/kJ tool- I 

These results are the quantitative estimation of  the 
metastability of glassy D E F  relative to its thermody- 
namically stable crystalline state. 

~lolecular dynamics 

It is of interest to reveal changes in inter- and 
intramolecular interactions of  ferrocene and its deriva- 
tives studied in the present work. For  this purpose, we 
studied the temperature profiles of  the total, potential, 
and kinetic energies of  ferrocene, AF, DAF, and DEF 
in the condensed and gaseous states by the molecular 
dynamics method. As a rule, we chose 300 K. ( in some 
experiments, the value o f  500 K was additionally cho- 
sen for refinement, as in the case of  DAF and DEF.) 

The structures of  the four derivatives were calculated 
by the molecular  mechan ics  M M +  and modif ied 
semiempirical 1NDO methods.  Ferrocene, cobaltocene, 
and nickelocene were chosen as the confidence crite- 
rion. In these cases, the parametrization was performed 
in such a way that the calculated enthalpy of formation 
of  the gaseous compound from atoms at 298 K coin- 
cided with the experimental value 5 with an accuracy of 
4 kJ. For the condensed state of  the substances, calcu- 
lations were performed by the molecular dynamics 
method with periodical boundary conditions. During 
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the calculation, the influence of  the number of  mol- 
ecules in the "potential box" (from I to 10) was studied. 
Multiple repeating enabled the reproducibility of  the 
results. Despite optimizat ion of the geometry of  the 
condensed state, the periodical boundary condit ions 
involving many (up to I0) molecules resulted sometimes 
in some anomalies due to "freezing" of molecules during 
the formation of the condensed state, in this case, we 
performed "annealing" to a high temperature when the 
amplitude of  intra- and intermolecular motions was 
high. After slow cooling to 0 K followed by heating, no 
anomalies due to the structure of molecules or  the 
ordered condensed substance appeared. 

Figures I - -4  present for comparison the experimen-  
tal and literature data for crystalline ferrocene 5 and the 
results obtained in this work for crystalline A F  and DAF 
and DEF in the solid and liquid states, as well as the 
theoretical curves of the total energy for the substances 
in the condensed state and the curves of  the potential 
energy for the substances in the gaseous state. 

The curve of temperature dependence Ibr ferrocene 
in the condensed state, determined by the molecular  
dynamics method, has a two-humped maximum of  the 
total energy in the temperature  range near 160 K (see 
Fig. I, b). At these temperatures,  the ferrocene mol- 
ecules undergo intense stretching, deformation,  and 
rotational vibrations of  the ligands, resulting in a revers- 
ible change in the symmetry group of the molecule from 
D5h to Dsd. Each of these motions of one Cp ring (and 
then of  the second Cp ring to the same direction) results 
in a slow hindered rotation of the whole ferrocene 
molecule. These motions, most likely, result in the 
Z-transition in the temperature dependence o f  the heat 
capacity of  ferrocene (see Fig. I, a). s 

Beginning from helium temperatures, ferrocene in 
the gaseous state exhibits a regular free rotation of  Cp 
rings with an increasing rotation frequency and some 
irregular distortions of  the rotation rhythm due to the 
combinat ion of  deformation and stretching vibrations of  
the C p - - M - - C p  skeleton and C- -H  vibrations with the 
temperature increase (see Fig. 1, c). Figure I demon-  
strates the profile of changing the potential energy of  
gaseous ferrocene with the linear temperature increase 
from 0 to 300 K. The potential  barrier to rotation of  
ligands in gaseous ferrocene can be estimated as 5--  
6 kJ tool - I ,  which is close to the experimental value of  
4.6 kJ mol-~, t~ 

The temperature dependences  of the total energy of  
AF and DAF in the condensed state ("periodical box"*) 

* The periodical box corresponds to calculations by the molec- 
ular mechanics or molecular dynamics of a molecule or mole- 
cules in the condensed state that are present in the potential 
space (usually, a rectangular parallelepiped) limited with walls 
with periodical conditions, i.e.. with the operation of translation 
of the content of the "potential box" and energy parameters of 
this "cell" along three dimensions as in crystals. The "periodical 
box" can have large sizes and contain many molecules. 

obtained by the molecular dynamics  method have no 
noticeable deviations from linearity (see Figs. 2, b and 
3, b) in the range from 0 to 300 K. At the same time, 
due to intensification of  stretching and deformation 
vibrations of  the C p - - F e  and CH groups of  the rings 
and rocking vibrations and rotations of  the CO and Me 
groups in the acetyl substituent, the theoretical tem- 
perature dependence presented in Figs. 2, b and 3. b 
contains many "noises," although it is l inear as a whole. 

For AF in the gaseous state (see Fig. 2, c), an 
increase in the rotation frequency of  the free Cp ligand 
is observed, and the rotation frequency of  the ligand 
substituted by the acetyl group is much lower. These 
motions are most pronounced on the curve of  the 
temperature dependence of the potential  energy of AF 
molecules (with a linear temperature increase). Gaseous 
DAF in the conformation with symmetry C i and a 
compensated dipole moment of  organic ligands at tem- 
peratures below 300 K virtually does not exhibit a 
free rotation, despite many vibrational motions (see 
Fig. 3, c). Free rotation is observed in gaseous DAF 
only at higher temperatures (-500 K) and is character-  
ized by variable heights of the potent ial  barriers, which is 
due to the influence of vibrations. 

The van der Waals volume o f  D E F ,  for which liquid 
is the main state (at 298 K), was determined from the 
density (1.184 g cm-3). It is equal to 283 ~3, i.e., 
approximately I I.l  •  ,~3 (the sizes of  the "box" 
for calculations with periodical boundary" conditions).  
For a linear temperature increase, the temperature  de- 
pendence of the total energy of D A F  (determined by the 
molecular dynamics method) is first l inear and has no 
anomalies, and then sharp peaks appear  (see Fig. 4, b), 
which resemble in character those on the curve of  the 
temperature dependence of  D E F  in the glassy, crystal- 
line, and liquid states (see Fig. 4, a). Intra-  and inter- 
molecular motions of the substance are characterized by 
free rotation of the ethyl groups about the C p - - E t  bond 
and inside the ethyl group and by hindered rotation of 
the ethytcyclopentadienyl ligands about the C p - - F e  bond, 
whose rotation frequency does not  coincide with that of 
the ethyl groups. The first of them (as a lower-frequency 
motion) changes its direction due to the collision of  two 
ethyl groups until the next, nonper iodical  collision, 
because other collisions of  molecules occur  in the "box." 
The calculations by the molecular  mechanics  method 
showed that DEF has several stable states (with trans-, 
partially foided, and cis-positions o f  the ethylcyclo-  
pentadienyl rings), which is, most likely, a reason for its 
liquid state. The trans-conformer with Ci symmetry is 
the most stable, corresponding to the structure of  gas- 
eous DEF (an isolated molecule).  The crystalline state 
consists, most likely, of  these conformers ,  whereas the 
glassy and liquid states contain,  probably,  mixtures of 
different conformers with various stabilities. The mo- 
lecular dynamics  of  gaseous D E F  is compl i ca t ed  
(.see Fig. 4, c), as compared to that of  ferrocene (see 
Fig. I, c), by the nonsynchronous charac ter  of  the ethyl 
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groups, which violates the regularity of  the system of  
potential barriers to rotation. 

The studies of  ferrocene and some of  its derivatives 
by the molecular  dynamics method allow one to draw 
several conclusions on the influence of substituents in 
the ferrocene molecule on the basic change in both 
inter- and intramolecular interactions in the condensed 
and gaseous states. This is due to a change in the 
activity of different degrees of  freedom in molecular and 
intermolecular  motions when substituents are intro- 
duced into the ferrocene molecule. At the same time, 
the heat capacity,  as a characteristic depending on the 
total enemy of  the system, reflects the main changes in 
molecular motions experimentally observed for the sub- 
stance in both the gaseous and condensed states. 

The experimental data I~ and results of  numerous cal- 
culations by the molecular dynamics method t8 (including 
our calculation) show that for ferrocene in the gaseous 
state, free rotation in molecules appears beginning from 
helium temperatures. However, at temperatures close to 
250--300 K, according to our calculations, in addition to 
internal rotations of the ligands and stretching vibrations 
of  the metal-- l igand and C- -H  bonds in l i~nds ,  defor- 
mation vibrations of the l igand--metal-- l igand bonds are 
also activated and result in a temporal change tn the 
linearity of these bonds. As a consequence, when the 
frequency of  internal rotations increases (with the tem- 
perature increase), distortions of periodicity are possible, 
and a "jump-through" of the ligands immediately over two 
potential barriers is observed. The value of the latter 
decreases at a certain phase of deformation vibrations (the 
defect on the curve in Fig. 1, c). 

As for ferrocene, free rotation of  ligands beginning 
from helium temperatures is observed for AF in the 
gaseous state. It is complicated with random interac- 
tions of  vibrations and rotations of  the acetyl group with 
the free cyclopentadienyl ligand due to activation of  
deformation vibrations that result in the aperiodicity of 
rotations (see Fig. 2, c). 

Unlike ferrocene and AF, DAF in the gaseous state 
at temperatures  below 300 K exhibits all possible types 
of  vibrations (see Fig. 3, c) and the trans-arrangement 
of the acetyl groups for which stretching and deforma- 
tion vibrations and tree rotation are observed is re- 
tained. 

Thus, the introduction of  electron-donating sub- 
stituents into the ferrocene molecule results in hin- 
drances o f  free rotation o f  the ligands, thus activating 
various vibrations. 

Electron-donat ing ethyl substituents in gaseous DEF 
impede the free rotation of the cyclopentadienyl ligands 
due to the activity of the free rotation of  the ethyl 
groups and distort its periodicity, although it is still 
observed (see Fig. 4, c), unlike l , t -diacetylferrocene,  
each of  whose ligands has a high dipole moment com- 
pensated in the molecule of the trans-conformer. 

The transit ion of  ferrocene and its derivatives to the 
condensed state affects noticeably the free rotation of 

the cyclopentadienyl ligands, which becomes hindered 
even in ferrocene and is manifested only at the tempera- 
ture of L-transition and higher (_>160 K) on the experi- 
mental (see Fig. I, a) 5 and theoretical (see Fig. 1, b) 
curves. AF and DAF in the condensed state exhibit 
impeded stretching and deformation vibrations about 
the l igand--metal - - l igand bond and all possible vibra- 
tions (including rocking) o f  the acetyl groups. Free 
rotation of the ligands or acetyl groups is absent. This 
affects the linear run of  both  the molecular  dynamics 
curves (see Figs. 2, b and 3, b) and the experimental 
curve of the temperature dependence  of  the heat capac- 
ity (see Figs. 2, a and 3, a). Unlike ferrocene, for AF 
and DAF in the condensed state, the dipole-dipole 
interaction between molecules (AF) or their polar ligands 
(both compounds) contr ibutes  to the intermolecular 
interaction, Due to this, the mobility of the molecules 
in the condensed state is strongly restricted. 

In DEF, which does not possess a high polarity, in 
the crystalline state, all vibrations that are most active in 
the methyl groups of ethyl substituents are hindered. 
When the temperature increases, rotations of ethyl groups 
resulting in crystal melting are activated. In the liquid 
state, along with these motions,  hindered rotations of  
the ethylcyclopentadienyl ligands become active, which 
lead to freezing of the glassy state of  DEF (with numer- 
ous conformations with different arrangements of  the 
ethyl groups with respect to the plane of  aromatic 
ligands in adjacent molecules)  after fast cooling of  the 
melt. This is reflected on the theoretical molecular 
dynamics curve (see Fig. 4, b) and experimental curve 
(see Fig. 4, a). Free rotat ion o f  the ligands in DEF after 
melting indicates predominant ly  van der Waals interac- 
tion between the molecules in the condensed (liquid) 
state distorted by intense vibrations and rotations of" the 
ethyl groups. 

The temperatures of  transit ions on the experimental 
curves of heat capacity of  ferrocene (see Fig. 1, a) and 
diethylferrocene (see Fig. 4, a) are close to those ob- 
tained by the molecular dynamics method (see Figs. I, b 
and 4, b). For the acetyl derivatives of ferrocene, the 
curves of the temperature dependence of the heat ca- 
pacity (see Figs. 2, a and 3, a) and the molecular 
dynamics curves (see Figs. 2, c and 3, c) are linear. 

Enthaipy of combustion 
and thermodynamic functions of formation 

The standard enthalpies of  combustion of  crystalline 
AF and DAF and liquid D E F  were determined calori-  
metrically at 298.15 K. The results obtained concern 
the following reactions: 

AF: FeCI2HI20(cr) + 91/6 O2(gas) -~ 

---r 12 CO2(ga $) 4- 6 H20(liq) + 1/3 Fe304(cr), 

Ac/-P298(AF(cr)) =-6790.5+9.0 kJ tool-I: 
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Table 3. Standard enthalpies (• entropies (ALSO), and Gibbs 
functions (2xfG -~) of lbrmation of ferrocene and its derivatives 
(T = 298.15 K) 

Corn - ~FH~ --Af,,~ 298 ,xfG-~298 
pound /kJ mol -I /J mol -) K -i /kJ mol -I 

Ferrocene*(cr) 156+6 521.5 +. 1.5 312+6 
AF(cr) - 19.0• 717.4+2.0 t 95.0+9.5 
DAF(cr) -197,5• 902.5+2.0 71.5__+7.0 
DEF(liq) 9 3 . 5 + . 6 . 0  868.9_+2.0 352.5+6.5 

* Ref. 5. 

DAF:  FeC14H140_(cr) + 103/6 O2(gas ) --~ 
14 C02(gas ) + 7 H20(liq} + 1/3 Fe304(cr), 

~cH~ = -7685.0+_6.0 kJ tool-l: 

DEF: FeC~aH18(liq) + 19.17 O2(gas ) --> 
---* 14 C02(gas ) + 9 H20(tiq) + 1/3 Fe304(cr), 

~XcH~ = -8547.6_+5.8 kJ tool -~. 

The standard enthatpies of formation at 298.15 K of 
crystalline AF and DAF and liquid DEF (Table 3) 
were calculated from the standard en tha lp ie s  
of combust ion  of the substances and publ i shed  
data on the standard enthalpies of format ion  of 
gaseous CO, (-393.51__+0.13 kJ tool-I), 4 liquid water 
(-285.830_+0.040 kJ mol-I) ,  4 and crystalline Fe30 4 
(-1t17.1+2.1 kJ tool-I). 4 For example, in the case of 
DEF, calculations were performed by the equation 

ArH~29s(DEF(liq)) = 14~fHo298(CO2(gas)) + 

+ 9AfH~ + (I/3)&fH%gg(Fe304(cr)) - 
- Ac H=.~gs(DE F(liq)). 

The standard enthalpies of formation of AF, DAF, 
and DEF at 298.15 K (see Table 3) were calculated from 
the absolute entropies of the substances under study and 
the same values for graphite (5.74_+0.13 J tool -I  K-I) ,  4 
crystalline iron (27.15_+0.13 J mol - l  K-I), 4 and gaseous 
hydrogen (130.570_+0.033 J tool -I  K-I) 4 and oxygen 
(205.037+0.033 J mol - I  K-I ) .  4 For example ,  in 
the case of DEF, calculations were performed by the 
equation 

,.5.t-,S"2qs(DEF(liq)) = ,.~298(DEF(liq)) - 14S~298(C(gas)) - 

-- 9,.,~298(H 2(gas)) - .5~298(Fetcr)). 

The Gibbs--Helmholtz equation AfG~298 ---- ~fH~ 
- 298.15AfS~29s was used to calculate the standard 
Gibbs functions of formation of crystalline AF and DAF 
and liquid DEF at 298.15 K (see Table 3). 

Since experimental data on the temperature depen- 
dence of the vapor pressure and enthalpies of sublima- 
tion of AF and DAF are lacking, we estimated the 
thermodynamic functions of formation of these com- 
pounds in the gaseous phase by the quantum-chemical  
methods. For this purpose, we used the modified 
semiempiricat INDO method. Ferrocene, cobaltocene, 
and nickelocene have almost equal melting tempera- 
tures (-446 K), isomorphous crystalline lattices, and 
close structures of their molecules but different ioniza- 
tion potentials, chemical properties, ratios of c -  and 
n-bonds, and populations of highest orbitals with elec- 
trons. Therefore, they were chosen as "standard" com- 
pounds for which reliable thermodynamic data are 
known. The enthalpies of formation of isolated M(CsHs) 2 
molecules (M = Fe, Co, Ni) in the gas phase (AH ~ 
were calculated taking into account the enthalpies of 
formation of C, H, Fe, Co, and Ni atoms in the 
gaseous state (715.07, 217.98, 417.00, 428.36, and 
428.81 kJ mol- l ,  respectively).4 The quantum-mechani -  
cal parameters (c and rt) were chosen by a change in the 
ratio of a - - c  to n - - n  interactions in the metallocene 
molecules in such a manner  that the obtained values 
coincided with the experimental ones. The standard 
enthalpies of formation of the compounds in the gas 
phase (AfH ~ and enthalpies of the M---CsH 5 bond 
dissociation (Table 4) were calculated from the found 
AH ~ values. 

Using the parameters found for ferrocene (co = 
0.640, nn = 0.3375), we calculated the enthalpies of 
formation of gaseous AF and DAF from the corre- 
sponding atoms in the gaseous state (AH~ enthalpies of 
formation of AF and DAF in the gaseous state (AfH~ 
enthalpies and entropies of sublimation of crystalline 
AF and DAF (,,-XsH ~ ~sS~), and enthalpies of M---CsH 5 
bond dissociation (AH~ zXH ~ = - 1  1749 and 
-13987 kJ mol -I ,  All'I~ = 115 and - 1 0  kJ mol - I ,  
~H~ = 135 and 190 kJ mol -I ,  As, S~298 = 450 and 
640 J mol -I K -I ,  and 2 ~/-P(M---CsH 5) = 650 and 
630 kJ tool - l  for AF and DAF, respectively. 

Analysis of the absolute entropies and standard ther- 
modynamic functions of formation of crystalline fer- 
rocene, AF, and DAF showed that all indicated proper- 

Table 4. Enthalpies of formation of metallocenes from atoms in the gas phase (.~H ~ and from 
simple substances (Aft-P) and mean enthalpies of M--CsH 5 bond dissociation (+H(M--CsHs)) 

Compound -AH ~ &rH~ mol -I AH(M--CsHs)/kJ rnol -I 

/kJ tool -I INDO Thermochem- INDO Thermochem- 
ical data 5 ical data 5 

Fe(CsH5)2(gas) 9515 233 230+6 335 352 + I I 
Co(C 5HS)2(gas) 9447 312 307+5 295 325+ 12 
Ni(C 5HS)2(gas) 9422 338 340+5 290 300+ 10 
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Table 5. Coefficients of equations of a linear dependence of the 
type X = a + bM 

Parameter X a b .+_2or " ~(_k') h 

AfH~ mol -~ 939.0 -4.20 2.0 -177_+2 
Af,b~298/J tool -I K -~ 321.0 -4.54 3.0 -191_+5 
ArG~29JkJ tool - i  842.0 -2 .85 3.0 -121)+3 
S-~29s/J mol -I K -a -24.2 1.28 3.0 54_+5 

a Double average square error of calculated values. 
# Group increment of the acetyl group to the value of the 
thermodynamic parameter of ferrocene. 

Table 6. Enthalpies (ArH~ tool - I). entropies (ArS~)/J mol-~ K-I ), 
Gibbs functions (a~G~/kJ tool-I), and equilibrium constants of re- 
actions (I)--(3) (T = 298.15 K) 

Reaction --z~H~298 --ArS~298 -ArG~ g208 

(1) 23.5 60.0 5.5 9.0 
(2) 27.0 49.0 12.5 1,5" 102 
(3) 280.5 291.0 193.5 8.0" 1033 

ARGO298 = Atria298 - 298.15ArS~298; 

K = exp[-a~G~/(R731, 

where the symbols  ')" and "s are at tr ibuted to the 
products and initial reagents, respectively; 

&rH~ = -243.93 (MeCOC/(gas)),ll 
92.30 kJ tool -I (HCl(gas))H; 

S~98 = 294.85 (MeCOCl(gas)), tt 

186.70 J tool -~ K -I (HCl(gas)). It 

The results in Table  6 show that already at 298.15 K 
the yield o f  A F  in reaction (1) is 90,0 tool .%, the yield 
of  DAF in react ion (2) is 99.5 tool.%, and the equi l ib-  
rium of  react ion (3) is almost complete ly  shifted toward 
format ion o f  D E F .  

The work was financially supported by the Russian 
Foundat ion  for Basic Research (Project  Nos.  96-15-  
97455 and 97-03-33631a) .  

ties change linearly with an increase in the molar  weight 
(M) of  the organometal l ic  c o m p o u n d  (Table 5). 

It can be assumed that  the calculated contributions 
A()O of  the acetyl group to the corresponding the rmody-  
namic  functions o f  fe r rocene  make it possible to esti- 
mate  similar properties o f  acetyl  and I , l ' - d i a c e t y l  de-  
rivatives of  cyclopentadienyl  compounds  of  o ther  3d 
metals.  

Thermodynamics o f  synthesis 

The the rmodynamic  funct ions  (At/P, ArS ~ ~rG ~ h3 
o f  the reactions o f  synthesis o f  A F  and DAF by acyla- 
t ion of  ferrocene ( react ion  ( I ) )  and acetylferrocene 
(react ion (2)) with acetyl chlor ide at 298,I5 K and of  
react ion (3) (synthesis o f  D E F  by hydrogenation o f  
D A F  at the same tempera tu re )  are presented in Table 6. 

MeCOCl + Fe(CsHs)2(cr ) --> 

---) Fe(CsHs)(CsHaCOMe)(cr)  4- HCl(gas) ( I ) 

MeCOCI + Fe(C5Hs)(CsHaCOMe)(cr ) ---, 

- )  Fe(CsHaCOMe)2(cr)  + HCl(gas) (2) 

Fe(CsHaCOMe)2(cr .) + 4 H2(gas ) --) 

---) Fe(C5HaEt)2(cr) + 2 H20(l iq) (3) 

Calculat ions were pe r fo rmed  using the following cor-  
relations:  

Ar/-]~ = ~ vj~fH~298~./") - ~ v/AfH~ 
j 

~,S~298 = ~ v;S'2,n(J) - ~ v~S'29s(i); 
j i 
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