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MOTION OF CsHs RINGS IN THREE CRYSTALLINE MODIFICATIONS OF FERROCENE
AS STUDIED BY lH NMR

Atsushi KUBO, Ryuichi IKEDA, and Daiyu NAKAMURA*
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Chikusa, Nagoya 464

The lH spin-lattice relaxation time Tl at 20 MHz and the second
moment of 1H NMR absorptions were observed at various temperatures
for ferrocene in its monoclinic, triclinic, and orthorhombic phases.
The barrier to the rotational reorientation of C5H5 rings was found
to be largest in the orthorhombic phase.

Ferrocene, Fe(C5H5)2, is known to undergo a solid state phase transition at
163.9 K,
space group P21/a (Z = 2)

above and below which temperature it forms monoclinic crystals with the

2) and triclinic ones with Pl or Pl (Z = 16),3_5) respec-

6) 7 carried out

tively. Recently, Ogasawara et al. and independently Bérar et al.
a skillful thermal treatment on ferrocene crystals and found a new phase which is
stable at low temperatures and is transformed into the monoclinic phase at 242 K.
Bérar et al.’) also studied the X-ray structural analysis in this new phase of
ferrocene and found that the crystal is orthorhombic belonging to the space group
Pnma (Z = 4).

Commercially available ferrocene was purified by sublimation three times under
vacuum. Orthorhombic ferrocene was obtained by the method described in the litera-
ture,6) and identified by the measurements of DTA. Hereafter, the triclinic,
monoclinic, and orthorhombic phases are abbreviated as T, M, and O phases, respec-
tively. Wide-line lH NMR
spectra were recorded by
10 - using a JEOL JNM-MW-40S NMR

® oo 3 spectrometer. A home-made
pulsed NMR spectrometers) was
employed for the determina-
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1 tion of the lH spin-lattice

T ¢ ] relaxation time Tj.

* . The lH NMR second moment
° determined as a function of

e oo Y ° : . R
* temperature is shown in

1 1 Fig. 1 for O and M ferrocene
100 200 T/K 300 crystals. Below ca. 140 K,
Fig. 1. Temperature dependence of the second O ferrocene yielded an almost

moment My of O and M ferrocene crystals. constant second moment value
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of ca. 9 G2. With increasing the temperature from 140 K, the value decreased
gradually and reached another constant value of 1.6 G2 above ca. 210 K. The latter
constant value obtained for O ferrocene did not change at the transition temperature
T¢r (O - M) and the same value was obtained for M ferrocene existing above Tty (0O > M).
The present value of 1.6 G2 observed for M ferrocene agrees very well with the
reported experimental values of 1.6 and 1.7 G2 by Holm and Ibers,?) and by Mulay and
Attalla,lo) respectively.

The temperature variation of 7y observed for ferrocene crystals is shown in
Fig. 2. The T; values obtained in M and T phases agree only roughly with those
reported by Campbell et al.,1l) because of the poor accuracy of their experimental
results. In T phase, a considerably broad Tl minimum was observed at ca. 110 K.
With increasing the temperature from the Tl minimum temperature, the Tl value in-
creased monotonously up to Ttr(T + M). 1In M phase, however, the Tl value increased
rather gently with increasing temperature. The temperature gradient of the Tl curve
observed in O phase was steeper than that in the other phases, and a T1 minimum was
found for O ferrocene at 238 K.

Since the second moment and also the spin-lattice relaxation rate observed for
a protonic system are proportional to r~—6, where r stands for the interprotonic
distance, pairs of protons having shorter interprotonic distances contribute more
to these quantities. 1In T ferrocene, the shortest interprotonic distance is the

o
intermolecular one having r equal to ca. 2.35 A,lz) whereas the shortest intra-
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Fig. 2. Temperature dependence of 1y spin-lattice relaxation time T; at

20 MHz in the three modifications of ferrocene.
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o
molecular interprotonic distance is ca. 2.68 A being found in a C5H5 ring of the

molecule.l3)

Accordingly, the intermolecular dipolar interaction is more important
than the intramolecular one to interprete the second moment or Tlof ferrocene
crystals.

?) calculated the second moment of polycrystalline ferrocene by

Holm and Ibers
a rigid-lattice model constructed based on the reported crystal structure determined
at room temperature,z) and obtained the values of 5.6 and 2.4 G2 for the inter- and
intramolecular second moments, respectively. The present value of 9 G2 observed
below 140 K in O phase agrees considerably well with the sum of the above calculated
values. Orthorhombic ferrocene yielded another constant second moment value of 1.6
G2 above 200 K. This agrees well with the calculated value of 1.7 G2 obtained by
use of a dynamical model of C5H5 rings reorienting about their 05 axes in M ferro-
cene.9) Therefore, a decrease of the second moment of O ferrocene detected between
140 and 200 K is most probably attributed to the reorientational motion of CgHg
¥ings. A quite similar temperature dependence of the second moment was already

10) In this phase, however, the linewidth narrowing takes

reported for T ferrocene.
place at ca. 70 K. Accordingly, it can be concluded that the rotational reorienta-
tion of C5H5 rings is much more hindered in O ferrocene than in T ferrocene.

The measurements of 7. in O phase yielded a Tl curve having a single minimum.

This can be analyzed by apélying the usual BPP formula. Considering the temperature
dependence of the second moment discussed above, the Tl minimum obtained for O
ferrocene can be assigned to the rotational reorientation of the C5H5 rings. A
rather broad T1 minimum having almost the same Tl minimum value as that of O ferro-
cene was observed for T ferrocene. This indicates that the motional process giving
these two T1 minima seems to be identical i.e., the rotational reorientation of the
C5H5 rings in the crystal.

The minimum of the Tl curve of T ferrocene is so broad and also asymmetric that
it is impossible to be exactly fitted on a single BPP curve. The Trj curve, however,
can be well interpreted in terms of the sum of two BPP curves (I) and (II) as shown
in Fig. 2. This can be explained as that there are two kinds of ferrocene molecules
or C5H5 groups in the crystal, which are crystallographically different from each
other, and they give rise to different proton spin-lattice relaxation. This expla-

nation is fairly probable in

Table 1. Activation energy Ea for re- view of the results of the X-
orientation of C5H5 rings about their 05 ray analysis of T ferrocene
axes in ferrocene crystals. revealing the existence of two

kinds of crystallographically

Crystalline phase E’a/kJmol_l nonequivalent ferrocene mole-
cules in the crystal.12)
Orthorhombic (O) 24.8 + 1.0 The activation energy E_
e @ a0as0s e o
(II) 11 + 2 575 g
modification was evaluated by
Monoclinic (M) 5.4 + 0.5

assuming the Arrhenius type re-

lationship as given in Table 1.
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The two BPP curves resolved from the Tl curve observed for T ferrocene yielded
almost the same E% value of ca. 10 kJmol-l. The activation energy determined for
M phase was very small (5.4 kJmol-l) as compared with those of the other phases.

1

Since RT (R: the gas constant) amounts to 2.5 kJmol — at 300 K, it is considered

that the C5H5 rings in M phase of ferrocene reorient almost freely about their re-
spective 05 axes at room temperature. Among the three modifications of ferrocene,
O ferrocene gives the largest value of Ea for the reorientation of C5H5 rings. This
is in good agreement with the results of the present second moment experiments and
also of the X-ray analysis indicating that the packing of the molecules in O phase

7)

is more compact than that in the other phases of ferrocene crystals.
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