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THERMODYNAMIC PROPERTIES OF FERROCENE 279 

FIGURE 2 Molar heat capacities of ferrocene-d,, crystal between 13 and 300 K 

took place isothermally; the corresponding values were A H  = 4.23 
kJ mol-' and AS = 16.83 J K - '  mol-'. 

As shown in Table 11, not only the transition temperature but also 
AH and AS of the h y p e  transition for ferrocene-d,, were essentially 
the same as those for ferrocene-h,,. On the other hand, the first-order 
phase transition exhibited a remarkable isotope effect on the transition 
temperature by as large a shift as 9 K, whereas the transition entropies 
were nearly identical. The absence of noticeable isotope effects on the 
entropies of the h y p e  and the first-order transitions suggests that a 
similar mechanism is responsible for the phase transitions in both 
substances. The large temperature shift observed for the first-order 
phase transition implies that the intermolecular interaction relevant to 
this transition is affected by the mass of the molecule. 

In order to correlate various phases of ferrocene-d,, in terms of 
enthalpy and entropy, the heat capacities of the stable and metastable 
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280 M. SORAI AND Y. SHIOMI 

TABLE I1 

Data concerning the phase transitions in 
ferrocene-d,, and ferrocene-h1,'x2 - 

- TC A H  AS 
K kJ mol-' J K-' mol-' 

Substance 

Ferrocene-d 164.1 0.878 
Ferrocene-h,, 163.9 0.896 

Ferrocene-d,, 251 4.23 
Ferrocene&, 242 4.15 

~ 

5.27 
5.46 

16.83 
17.13 

rd 
Y 

J 
DO 
X 

I 

e 
U 

FIGURE: 3 

T /  K 

Enthalpy relationship among various phases of ferrocene 4 0  crystal. D
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THERMODYNAMIC PROPERTIES OF FERROCENE 281 

LT phases below 13 K were estimated as follows. For the stable LT 
phase, an effective frequency spectrum was determined by using 132 
Cp data in the range 13-251 K. This method reproduced these data 
within f0.25 J K-' mol-'. For the metastable LT phase, the same 
frequency spectrum as described above was adopted. Figure 3 shows 
the enthalpy diagram, in which the axis of coordinates indicates the 
enthalpy increase beyond the zero-point energy of the stable LT 
phase, [ H"-H; (stable LT phase)]. The enthalpy of the metastable LT 
phase at 0 K was found to be by (2.8 f 0.2) kJ mol-' higher than that 
of the stable LT phase. This difference is essentially the same as 2.6 
kJ mol-' for ferrocene-h,,.'.* 

The entropy diagram is illustrated in Figure 4. If we assume that 
the stable LT phase obeys the third law of thermodynamics, the 
entropy of the metastable LT phase at 0 K amounts to (0.38 f 0.5) 
J K-' mol-'. This value, though somewhat larger than (0.17 f 0.5) 

2501------ 
200- 

T 150- - 
E" - 
I s 
-7 

\ 
100- 

w 

50 - 

I I I I I 

100 200 300 
0 -' 

0 
T /  K 

FIGURE 4 Entropy relationship among various phases of ferrocene-dlo crystal 
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282 M. SORAI AND Y. SHIOMI 

TABLE I11 

Standard thermodynamic functions for the stable phases of ferrocene-d,, crystal 
(relative molecular mass 196.098) 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
210 
280 
290 
300 
273.15 
298.15 

(2.38) 
13.45 
26.37 
37.06 
45.44 
52.20 
58.14 
63.46 
68.66 
73.94 
79.44 
85.33 
91.61 
98.34 

105.47 
112.99 
120.88 
129.07 
137.40 
145.85 
154.45 
163.01 
171.70 
180.70 
189.06 
194.42 
202.12 
209.57 
216.13 
223.24 
204.51 
221.94 

(0.80) 
5.48 

13.43 
22.56 
31.76 
40.66 
49.16 
57.27 
65.05 
72.55 
79.85 
87.01 
94.08 

101.12 
108.15 
115.19 
122.27 
129.42 
136.61 
143.87 
151.20 
158.59 
166.02 
173.52 
181.11 
204.68 
212.16 
219.65 
227.11 
234.56 
214.52 
233.18 

(0.60) 
4.00 
9.35 

15.01 
20.29 
25.06 
29.37 
33.30 
36.93 
40.37 
43.67 
46.89 
50.08 
53.29 
56.53 
59.82 
63.18 
66.61 
70.11 
73.69 
77.33 
81.04 
84.78 
88.59 
92.44 

112.48 
115.65 
118.87 
122.11 
125.36 
116.66 
124.76 

(0.20) 
1.49 
4.08 
1.55 

11.48 
15.61 
19.79 
23.98 
28.11 
32.18 
36.18 
40.12 
44.00 
47.83 
51.62 
55.37 
59.10 
62.80 
66.50 
70.19 
73.87 
77.55 
81.24 
84.93 
88.67 
92.21 
96.51 

100.77 
105.00 
109.20 
97.86 

108.42 

J K-' mol-' for ferrocene-hlo,'.2 can likewise be regarded as being 
practically zero within the present experimental errors. This fact 
suggests that in both the stable and metastable LT phases ferrocene 
molecules are arranged in regular order though the arrangements are 
of different kinds. In other words, the metastable LT phase does not 
belong to a non-equilibrium state. This phase is metastable only in the 
sense that the Gibbs free energy is higher in this phase than in the 
stable LT phase. 

The standard thermodynamic functions providing numerical values 
for the phase relationships are summarized in Tables I11 and IV for 
the stable and metastable phases, respectively. 
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THERMODYNAMIC PROPERTIES OF FERROCENE 283 

TABLE IV 

Standard thermodynamic functions for the metastable phases of ferrocene-d,, 
crystal: H," means the enthalpy of the stable LT phase at 0 K 

T cp" So ( H "  - H,")/T - ( G o  - H,")/T - 
K J K-' mol-' J K-' rnol-' J K-' mo1-l J K-' rno1-l 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 

(4.13) 
18.07 
31.16 
41.27 
49.18 
55.47 
60.99 
66.14 
71.39 
76.77 
82.34 
88.77 
96.08 

104.73 
114.78 
130.50 
141.55 
138.45 
143.38 
149.71 
156.93 
163.70 
170.89 
178.58 
186.26 

(1.45) 
8.38 

18.31 
28.72 
38.82 
48.36 
57.33 
65.82 
73.91 
81.71 
89.28 
96.72 

104.10 
111.53 
119.08 
126.93 
136.86 
144.85 
152.46 
159.99 
167.47 
174.91 
182.34 
189.77 
197.49 

(280.84) 
146.31 
105.85 
88.50 
79.88 
75.31 
72.88 
71.71 
71.39 
71.65 
72.37 
73.46 
74.92 
76.73 
78.92 
81.58 
86.42 
89.38 
92.09 
94.83 
97.61 

100.45 
103.34 
106.32 
109.36 

(- 279.39) 
- 137.93 
- 87.54 
- 59.79 
- 41.07 
- 26.95 
- 15.54 
- 5.90 

2.52 
10.05 
16.91 
23.25 
29.19 
34.80 
40.17 
45.35 
50.44 
55.47 
60.38 
65.15 
69.86 
74.46 
79.00 
83.46 
88.13 

4. HEAT CAPACITY DIFFERENCE BETWEEN FERROCENE-d10 
AND -hlo 

The phase relationship elucidated for ferrocene-d,, crystal bears a 
close resemblance to that of ferrocene-h,,.'y2 Therefore, one may 
expect that the corresponding phases of the two substances would 
belong to the same crystallographic system. If this is the case, the 
crystal structures of the HT, the LT and the metastable LT phases of 
ferrocene-d,, are monoclinic, orthorhombic and triclinic, respectively. 
Ths  situation makes it favorable to compare directly the heat capacity 
of ferrocene-d,, with that of ferrocene-h,,. In addition, the existence 
of a complete ~ e t ' ~ - * ~  of values for the normal mode frequencies of 
both the substances makes it possible to calculate the contribution of 
these degrees of freedom to their heat capacities. 

As shown in Figures 5 and 6 ,  apart from the absolute values, shapes 
of the heat capacity curves of normal and heavy ferrocene crystals 
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2 4 2  K(H) 

Ort horhombic 

100 200 30 
T /  K r i n  

FIGURE 5 Comparison of heat capacity for the stable LT and the stable HT phases 
between ferrocene-dlo and -hlo crystal. 

resemble each other for all the phases. The heat capacity difference 
between the two monotonically increases with increasing temperature. 
To interpret these differences, we analyzed the heat capacity as 
follows. The heat capacity of a molecular crystal at constant pressure, 
C,,, consists of three parts: 

cP =  lattice) + c,(internal) + (c,, - cu), (1) 

where C,(lattice) is the heat capacity at constant volume arising from 
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THERMODYNAMIC PROPERTIES OF FERROCENE 285 

250 

200 

150 - 
I 
d 

E - 
k 
\ 1oc 

3 

b 

5c 

C 

-MI= 164.1 K(D) 
163.9K(H) 

100 200 
T /  K 

300 

FIGURE 6 Comparison of heat capacity for the metastable LT, the undercooled HT 
and the stable HT phases between ferrocene-d,, and -hl0 crystal. The broken lines 
indicate the normal heat capacities separating the excess contribution due to the phase 
transition from the observed value. 

the translational and rotational degrees of freedom of a molecule as a 
whole, CJinternal) is the contribution from the internal vibrational 
and rotational degrees of freedom of a molecule and (C, - C,) 
corresponds to the correction for the expansion work. Since a ferro- 
cene molecule consists of 21 atoms, the total number of the degrees of 
freedom is 63. Of these, 6 degrees of freedom are relevant to C,(lattice) 
while the remaining 57 are connected with CJinternal). The heat 
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286 M. SORAI AND Y. SHIOMI 

capacity arising from the internal degrees of freedom is well ap- 
proximated by the Einstein function, E ( x ) :  

57 

C,(internal) = R , ? ( x i ) ,  
I = 1  

~ ( x )  = x2ex/(ex - 112 ( x i  = h v , / k ~ ) ,  (2) 

where R, h and k are the gas constant, Planck constant and Boltzmann 
constant, respectively, while vi means the frequency of the i th normal 
mode. Complete sets19-27 of vi for ferrocene-h,, and -d,, determined 
from infrared and Raman spectroscopies are reproduced in Table V 
for convenience. 

Although the orthodox computation of C,(lattice) should be made 
on the basis of lattice dynamics, C,(lattice) is often described by the 
Debye model in a good approximation. On the other hand, the 
correction (C, - C,) is given by the thermodynamic formula, 

C, - C, = a2VT/P,  (3) 

where (Y is the thermal expansion coefficient, V the molar volume and 
/3 the isothermal compressibility. In the absence of the data concerning 
P, the following quasi-thermodynamic relation was used here: 

c, - c, = AC;T. (4) 

The constant A and the Debye characteristic temperature 8 ,  appear- 
ing in the Debye model were determined for the respective phases of 
normal and heavy ferrocene crystals as follows. 

According to Eq. 1, the sum of C,(lattice) and (C, - C,) is given as 
the difference between the observed C, and the calculated C,(internal). 
The averaged values of A and 8 ,  for 6 degrees of freedom were 
evaluated by the “best” fit method over the entire temperature region 
(Figure 7). In this procedure, we treated the metastable LT and the 
HT phases as an “identical” phase because the change in molar 
volume at the h y p e  phase transition is negligibly and also 
because the normal heat capacity curve can smoothly connect these 
two phases (see Figure 6). As compared in Figure 7, the Debye model 
including the (C, - C,) correction showed fairly good agreement with 
the experimental values of [C, - C,(internal)] for all the phases of 
ferrocene-h,, and -d,, crystals. The Debye characteristic temperature 
was always smaller in ferrocene-d,, than in ferrocene-h,, crystal. This 
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THERMODYNAMIC PROPERTIES OF FERROCENE 287 

TABLE V 

Complete sets of values for the normal mode frequencies 
of ferrocene-h,, and -dlo c ry~ ta l s '~ -~ '  

Wavenumber/cm- ' 
Species Assignment Fe(C5H5)2 F e G  D,) 2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

3099 
817 

1107 
313 

1254 
62 

1257 
3096 
805 

1097 
474 

3085 
998 
844 

1408 
395 

3075 
1003 
845 

141 1 
492 
180 

3085 
1191 
1058 
1359 
882 
597 

3100 
1194 
1048 
1345 
851 
569 

2335 
619 

1056 
295 
996 
52 

998 
2354 
635 

1044 
451 

2318 
770 
631 

1300 
361 

2354 
770 
669 

1260 
485 
169 

2318 
1053 
855 

1262 
708 
526 

2350 
1060 
861 

1260 
741 
552 

v: stretching, 6: bending, s.: symmetric, as.: antisymmetric, R: ring, M: metal. 

is reasonably accounted for in terms of the mass effect on the lattice 
vibration. In contrast to this, the coefficient A appearing in the 
(C, - C,) term was larger in ferrocene-d,, than in ferrocene-h,,. This 
is caused by the fact that the lattice of the former is soft in comparison 
with that of the latter and thus larger amplitudes of the lattice 
vibrations lead to larger expansion of the lattice through the anhar- 
monicity involved in the molecular potential curves. 
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288 M. SORAI AND Y. SHIOMI 

___-_-- - -  

A t, Triclinic Phase 
0 Monoclinic Phase 
0 Orthorhombic Phase 

0 100 200 300 
T /  K 

FIGURE 7 Fitness of [ Cp - C, (internal)] with the Debye model including ( Cp - C,) 
correction for various phases of ferrocene-d,, and -hlo crystals. The broken lines 
indicate the Debye model responsible for C, (lattice) while the solid lines are the sum of 
C, (lattice) and (Cp - C,) correction. 

In order to test to what extent the individual terms in Eq. 1 
contribute to the heat capacity difference between ferrocene-d,, and 
-hlo, we compare the experimental values, ACp = [C,(ferrocene-d,,) - 
C,(ferrocene-h,,)], with the calculated ones in Figure 8. The contri- 
bution from C"(interna1) was found to be mainly responsible for AC'. 
The secondarily large contribution was attributable to the (C, - C,) 
correction, especially at high temperatures above, say, 100 K. In 
contrast to this, the contribution from C,(lattice) was important at low 
temperatures, in particular, below cu. 50 K. The sum of these three 
satisfactorily accounted for the experimental AC' over the whole 
temperature region. 
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, I I I 1 I 

EXPERIMENTAL 
0 Orthorhombic Phase 

A Monodinic Phase 
Triclinic Phase 

THEORETICAL 

( A )  In te rna l  Vibration 
(6) Latt ice Vibration 

_ - _  

(C) ( C p - C , )  

- Totdl Contribution 

n 

289 

- 
0 100 200 300 

T I  K 

FIGURE 8 The heat capacity difference between ferrocene-dlo and -hlo crystal for all 
the phases. The broken lines labelled (A), (B) and (C) are the contributions from C, 
(internal), C, (lattice) and (Cp - C,) correction, respectively. The solid curve is the sum 
of these three contributions. 

Interestingly, the temperature dependence of the experimental ACP 
for the stable LT phase was identical with that for the metastable LT 
phase. Moreover, the ACp for the stable LT phase was smoothly 
connected to that for the HT phase without any discontinuity at the 
first-order phase transition point. These facts strongly suggest that 
there exists no structure-sensitive (or phase-sensitive) contribution to 
the heat capacity difference between ferrocene-d,, and -h,,, crystals. 

5. HEAT CAPACITY DIFFERENCE BETWEEN THE 
METASTABLEANDSTABLELTPHASES 

The heat capacity of the metastable LT phase is remarkably higher 
than that of the stable LT phase even below 100 K where no effect of 
the h y p e  transition is exerted. As in the case of ferrocene-h,,,',2 this 
fact suggests that the crystal lattice of the latter might be more rigid 
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290 M. SORAI AND Y. SHIOMI 

than that of the former. In fact, recent X-ray diffraction analysis for 
ferrocene-h,, revealed a large volume change of AV/V = 0.023 at the 
first-order phase transition.' Similar change in the molar volume of 
ferrocene-d,, would therefore be expected. In the case of ferrocene-h,,,* 
the heat capacity difference between the metastable and stable LT 
phases at low temperatures (below 60 K) was interpreted in terms of a 
softening of the translational mode along the c-axis from 100 cm-' in 
the stable LT to 35 cm-' in the metastable LT phase. Ths model2 
was proposed on the basis of the experimental results obtained from 
X-ray d i f f r a ~ t i o n l ~ . ~ ~  and Mossbauer effect studyz9; namely, the ther- 
mal expansion coefficient of ferrocene-h,, along the c-axis is ex- 
tremely large in the metastable LT phase and anharmonicity of the 
intermolecular interaction is remarkably large in the c-direction. As 
shown in Figure 9, this model seems to account for the heat capacity 
difference between the metastable and the stable LT phase of both 
ferrocene-h,, and -dlo crystals. 

However, an alternative interpretation seems to be possible. In 
Figure 10 we compare the experimental value of [ C,(metastable LT 
phase) - C,(stable LT phase)] with the difference of [C,(lattice) + (C, 

0 ACp fo r  Fe(CsH& 

T / K  
FIGURE 9 Heat capacity difference between the metastable and the stable LT phase, 
(C,(metastable) - C,(stable)], for ferrocene-d,, and -h,,, and the heat capacity of 
harmonic oscillators with various wavenumbers, C,, (broken lines). The solid curve 
indicates the heat capacity difference between two oscillators with wavenumbers of 35 
and 100 cm-', [ C ,  (35 cm-') - C ,  (100 cm-')I. 
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1 *I / 
1 

I I I I I I 
10 20 30 40 50 60 

T / U  
FIGURE 10 Heat capacity difference between the metastable and the stable LT 
phase, [C,(metastable) - C,(stable)], for ferrocene-d,, and -hlo. The solid and broken 
lines are the difference of [C, (lattice) + (Cp - C,)] between the two phases (cf. Figure 
7) for ferrocene-d,, and -h,,, respectively. 

- C,)] between the two phases (cf. Figure 7). Since the C"(interna1) is 
common to both phases, we need not take this term into account. 
Agreement is not so poor in comparison with the softening model. In 
other words, the heat capacity difference at low temperatures can be 
accounted for in terms of either model; one is due to a single 
mode-softening and the other is an overall-softening of the continuous 
lattice frequency spectrum. A decision as to which interpretation is 
reasonable should be deferred until the lattice dynamics of ferrocene- 
h,, and -dlo crystals have been studied in more detail. 
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