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PHASE TRANSITION IN 1'. I"'-DIHEXY LBIFERROCENIUM TRIIODIDE 
ACCOMPANIED BY A CHANGE IN MIXED-VALENCE STATE 

SATORU NAKASHIMA~, SHINSUKE NAKAZAKI~, HIROSHI SAKAI~ ,  
MASANOBU WATANABE~, AND IZUMI MOTOYAMA~ 
aRadioisotope Center, Hiroshima University, Kagamiyama, Higashi-Hiroshima 
739, Japan, bDepartrnent of Chemistry, Faculty of Science, Hiroshima University, 
Kagamiyama, Higashi-Hiroshima 739, Japan, CDepartment of Chemistry, Faculty 
of Science, Konan University, Higashi-Nada, Kobe 658, Japan, dDepartment of 
Chemistry, Faculty of Engineering, Kanagawa University, Rokkakubashi, 
Yokohama 22 I ,  Japan 

Abstract Two different crystals of 1',1"'-dihexylbiferrocenium triiodide were 
obtained from the different solution (hexane or dichloromethane). The salt 
prepared from hexane has a longer interlayer distance and gives trapped-valence state 
of Fe atoms, while the salt recrystallized from dichloromethane has a shorter 
interlayer distance and gives typical fusion-type valence detrapping of the mixed- 
valence state on the 57Fe Mossbauer spectroscopy. By annealed at 323 K the latter 
changes into the former salt. The X-ray diffraction study of the latter supports the 
results of the 57Fe Mossbauer spectroscopy. 

INTRODUCTION 

The mixed-valence state of the binuclear ferrocene derivatives is related to the crystal 

structure. ' 7  * It is important for both fundamentals and applications to  study the relation 

systematically. Our strategy for systematic design is to use derivatives with a series of 

long alkyl chains. We have reported an interesting even-odd character in  the number of 

carbon atoms of the alkyl chain.-'- 

In the present study 5'Fe Mossbauer spectra and X-ray diffraction were measured in 
order to reveal the relation between the mixed-valence state and the crystal structure in 
I', 1 "'-dihexylbiferrocenium triiodide. It is also studied whether the mixed-valence state 
changes or not with a transformation of the crystal structure in the solid state. 

[381]/59 
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60/[382] S. NAKASHIh4A et al. 

EXPERIMENTAL 

l', I"'-Dihexylbifemene was synthesized according to a method reported for the other 

dialkyl  derivative^.^ It was isolated by column chromatography on alumina and purified 

by recrystallization from dichloromethane-hexane. M.p.= 32.6"C; 'H NMR(CDCI 3) 6 

0.87, 1.23, 1.36,2.09,3.83,3.86,4.11, and 4.24 ppm. 
The triiodide salts were prepared by adding a stoichiometric amount of I, dissolved in 

hexane to a hexane solution of l'.I"'-dihexylbiferrocene. About one-half of the sample 

prepared in the above manner was recrystallized from a dichloromethane solution at 

273 K [Found for 1',1"'-dihexylbiferrocenium triiodide: (from hexane) C, 42.13; H, 4.63; 
(from dichloromethane) C, 41.99; H, 4.52. Calc. for C3,H,W213: C, 41.83; H, 4.57961. 

A 57Co(Rh) source moving in a constant-acceleration mode was used for 57Fk 

Mossbauer spectroscopic measurements. Variable-temperature 57Fe Mossbauer spectra 

were obtained by using a Toyo Research spectrometer and a continuous-flow cryostat. 
The Mossbauer parameters were obtained by least-squares fitting to Lorentzian peaks. 
The isomer shift values are referred to metallic iron. 

All X-ray powder diffraction patterns were measured by using graphite- 

monochromated Cu-Ka radiation (Rigaku) at room temperature. 

Three-dimensional room-temperature X-ray data for the single crystal of 1'. 1"'- 
dihexylbiferrocenium triiodide obtained from dichloromethane at 273 K were collected 

at a temperature of 23+ 1°C using the 0-20 scan technique to a maximum 20 value of 

60.0" on a Rigaku AFC6A four-circle diffractometer with graphite-monochromated Mo- 

K a  radiation (M.71073A). The data were corrected for Lorentz and polarization 

effects. Lattice parameters were determined by least-squares fitting of 25 reflections 

having 21.97 < 20 < 24.92".6 The structure was solved by and expanded using Fourier 

techniques. The non-hydrogen atoms were refined anisotropically. Hydrogen atoms 
were included but not refined. The final residuals were Rd.082 and R,,,=0.095. 

RESULTS AND DISCUSSION 

X-Ray powder diffraction patterns of l', 1"'-dihexylbiferrocenium triiodide from hexane 
and dichloromethane solution are shown in Fig. 1. According to the results reported 
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CHANGE IN MIXED-VALENCE STATE [383]/61 

before with longer alkyl chains3. 4- 7* * the first intense diffraction is assumed to be the 

reflection from interlayer spacing. By the assumption the interlayer distance can be 
calculated to be 13.3 A in the salt obtained from hexane (the longer interlayer distance), 
while it can be calculated to be 10.6 A in the salt obtained from dichloromethane (the 

shorter interlayer distance). The result agrees with the reported one4; i. e., the analogous 

salts with even-numbered carbon atoms in the alkyl chain have two crystal forms having 
the longer and shorter interlayer distances. 

(from dichloromothmo) 

- dP12.76A 

10 20 30 

28 1 dogroo (Cu Ka) 

FIGURE I X-Ray powder diffraction patterns of I' ,  I"'-dihexylbiferrocenium triiodide. 

The variable-temperature 57Fe Mossbauer spectra of 1'. 1 "'-dihexylbiferrocenium 

triiodide with the longer interlayer distance are shown in Fig. 2. The spectra consist of 

an inner and an outer doublet, with a nearly I :  I ratio in area corresponding to Fell1 and 

like the case of typical temperature-independent trapped-valence biferrocenium 

analogues. The 57Fe Mossbauer spectra of I ', I "'-dihexylbiferrocenium triiodide are 

already reported and showed the temperature-independent trapped-valence state.9 It is 

thought that the reported result corresponds to the salt with longer interlayer distance in 

the present study. The variable-temperature 57Fe Mossbauer spectra of l',l"'- 

dihexylbiferrocenium triiodide with shorter interlayer distance are shown in Fig. 3. This 
shows a typical fusion-type valence detrapping, where two quadrupole-split doublets 
observed at low temperatures approach each other at increasing temperature, giving only 
one doublet ascribed to a valence state averaged over the bi- and ter-valent iron atoms 
without significant line broadening in the detrapping process. The detrapping 
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62/[384] S. NAKASHIMA et al. 

temperature is lower than that of other dialkylbiferrocenium triiodides. The present 

results agree with the reported one4; i. e., the crystals with longer interlayer distance 

show the temperature-independent trapped-valence state, while the crystals with shorter 
interlayer distance show the fusion-type valence detrapping. 

FIGURE 2 
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FIGURE 3 Variable-temperature 57Fe Mossbauer spectra of I', 1"'- 
dihexylbiferrocenium triiodide obtained from dichloromethane. 
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CHANGE IN MIXED-VALENCE STATE [385]/63 

The crystal structure for I', 1"'-dihexylbiferrocenium triiodide obtained from 
dichloromethane at 273 K is shown in Fig. 4. The mean Fe-C(ring) distance is found to 

be 2.068A, intermediate between the values of 2.0454 for ferroceneIO and 2.075A for 

ferrocenium cation,' I indicating that the valence state is intermediate between Fen and 

k**I. Both the cation and anion are located at the center of symmetry. The results agree 

with the salt exhibiting the averaged-valence state at room temperature. The crystal 
structure of the present study is the same as 1',1"'-bis(dodecy1)biferrocenium triiodide 
obtained from dichloromethane except for the slight difference of the conformation in the 

alkyl chain.4 The results combined with those of the X-ray powder diffraction patterns 

suggest that the interlayer direction is lolo]. 

FIGURE 4 Crystal structure of l', I"'-dihexylbiferrocenium triiodide obtained from 
dichloromethane. 

The salt with the shorter interlayer distance was heated to 323 K for 40 min. The X- 

ray powder diffraction was measured at room temperature. It was shown that the salt 
with the shorter interlayer distance changes to one with the longer interlayer distance by 

annealing at 323 K for 40 min. The present and the reported results4* show that all 

salts with shorter interlayer distance change to the salts with longer interlayer distance by 
annealing at high temperatures. After annealing at 323 K for 40 min we measured the 

57Fe Mossbauer spectrum at room temperature. As shown in Fig. 5, the trapped-valence 
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M/[386] S. NAKASHIMA et al. 

state of Fe atoms are observed for the annealed salt, although the averaged-valence state 
of Fe atoms is observed for the non-annealed salt (see Fig. 3 at 280 K). This 
phenomenon is in accord with the change of X-ray diffraction patterns. The results show 
that the mixed-valence state changes with a transformation of the crystal structure in the 
solid state. The DTA showed the endothermic peak near the temperature, which shows 
that the transition is first order one. Some salts returned to the salt with shorter interlayer 
distance upon standing at 273 K for several days. 

4 -2 0 2 4 
Velocity I mm s-1 

FIGURE 5 57Fe Mossbauer spectrum at room temperature for annealed crystals of 
1 ', 1"'-dihexylbiferrocenium triiodide recrystallized from dichloromethane. 
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