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Abstract: Needs for ferrocene immobilization on robust host structures are considerable since derivative
materials may find applications in medical areas, optical devices, or catalysis. Synthesis of phosphonate
functionalized ferrocene allowed its subsequent inorganic polymerization with a zinc salt. The crystallographic
structure of the compound obtained, Zn(HOzPFc),:2H,0, shows a unique two-dimensional ferrocene
arrangement anchored on a one-dimensional Zn—O—P—0—Zn backbone. The ferrocene packing in the
titte compound is very similar to the packing found in molecular ferrocene. The electroactivity of Zn(HOs-
PFc),-2H,0 is thoroughly studied. It shows a reversible surface oxidation of ferrocene. Mdssbauer
spectroscopy for the oxidized compound shows an isomer shift of /S, = 0.432 mm.s~* and a quadrupolar
splitting of QS,, = 0.205 mm.s™, which is consistent with a stable S = 1/2 ferrocenium state. The magnetic
susceptibility study, Mossbauer spectroscopy, and galvanostatic titration show that only the ferrocene
moieties present at the surface of the crystallites are reversibly oxidized. This observation is reinforced by
a complex impedance study showing mainly resistive behavior and conductivity measurements indicating
weak, thermally assisted, conductivity. The general properties of this compound demonstrate that
phosphonato functionalization may be a useful approach for all fields concerned by immobilization of
ferrocene.

Introduction chosen molecule by a phosphonato group. The resulting rigid

The desire to design materials by molecular assembly building block retains its structural integrity during the subse-

increases dramatically as research continues to improve theduent steps of the material construction.

correlation between the resulting devices and molecular proper- Prompted by the current efforts on functional polymeric
ties. Crystal engineering aims at rationalizing chemical synthesis materials bearing ferrocene groupg we have synthesized the
for targeted purposes rather than using the criticized “shake andferrocenylphosphonic acid subsequently used for inorganic
bake” method. The expansion of the field of crystal engineering polymerization with metal salts, thus yielding a material having
along with the increase of hybrid orgarimorganic materials ~ ferrocene properties in association with a robust inorganic
research has necessitated a classification of the types of resultingpackbone.

compounds. On one hand, the engineering of coordination  Ferrocene derivatives are of considerable interest in many
polymers excludes compounds in which no carbon atom is areasi® Asymmetric catalysis activity of metallocenes was
present as bridging ligand; on the other hand, the reticular shown to be efficient by their immobilization in a robust host

synthesi3 requires the use of predesigned building blocks. strycturel® Immobilization of ferrocene has opened applications
However, both cases involve the connection of metal cations

by means of hybrid building blocks such as Carboxylates or (3) Clearfield, A. InProgress in Inorganic ChemistrKarlin, K. D., Ed; John

amines. Our approach is based on phosphonate ligands, use of  Wiley & Sons: New York, 1998; Vol. 47, pp 371510.
hich h h t . in the last 20 T 4) Vioux, A.; Le Bldeau, J.; Mutin, P. H.; Leclercq, D. Tfopics in Current
which has shown a great expansion in the las yehrhe Chemistry Majoral, J.-P., Ed.; Springer-Verlag: Heidelberg, Germany,

first step in this approach is to chemically functionalize the 2004; Vol. 232, pp 145174. .
(5) Kulbaba, K.; Manners, Macromol. Rapid Commui2001, 22, 711-724.

(6) Hudson, R. D. AJ. Organomet. Chen2001, 637—639, 47—69.

lCMOS, UniversiteMontpellier II. (7) Rehahn, MMater. Sci. Technol1999 20, 319-374.
LMI, Universite Blaise Pascal. (8) MetallocenesTogni, A., Haltermann, R. L., Eds.; Wiley-VCH: New York,
8 |EM, Universite Montpellier I1. 1998.
(1) Janiak, CDalton Trans.2003 2781-2804. (9) Ferrocenes: Homogeneous Catalysis, Organic Synthesis, Materials Science
(2) Yaghi, O. M.; O’'Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M.; Togni, A., Hayashi, T., Eds.; VCH Publishers: New York, 1995.
Kim, J. Nature 2003 423 705-714. (10) Colacot, T. JChem. Re. 2003 103 3101-3118.
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in photochromic device¥, nonlinear opticd213 neutral mol-
ecules sensing and gas sensifigécations sensing,*eglucose
sensord?~22 biosensing of hybridization of DNAY-27 antibod-

ies diagnostic test, and antiproliferative chemotherapeutic
agent in cancer researégh3® For antitumor activity, platinum
ferrocenyl-phosphonate complexes were studied, of which
ferrocenylphosphonic acids precursors were reported in the
literature3!

Phosphonates have shown interesting immobilization potential
on metal oxides because of the high stability of —P bonds
toward hydrolysis'. During our investigations on phosphonates,
we aimed at preparing metal oxidé&rrocenyl phosphonate
networks. We present in this paper a zinc bis(ferrocenylphos-
phonate) Zn(H@PFc)-2H,O were Fc stands for @Els)-
Fe(GHs), for which the synthesis of the ferrocenylphosphonic
acid was first required. The limitation of reports in the literature
on metal ferrocenylphosphonates may be attributed to the low
yield reported for the synthesis of ferrocenylphosphonic &cid.
A large improvement of this yield has been achieved by using
the t-BuLi/t-BuOK system at low temperature to form the
monolithioferrocene. The increase of the yield from 24 to 67%
allows its use as a building block for electroactive metal
phosphonate materiatd The hybrid compound Zn(H§PFc)-
2H,0 resulting from this improved synthesis pathway displayed
a very original single crystal structure showing simultaneously
1D and 2D structural features. lon transport properties are
studied by complex impedance spectroscopy. FesdWauer
spectroscopy completes the characterization of the oxidation
state of iron cations undergoing an oxidation reaction. Finally,
the level of iron cations which can be oxidized is evaluated by
electrochemical measurements and correlated witkdidauer
and magnetic properties studies.

Results

Crystal Structure. The compound crystallizes in the ortho-
rhombic system in space grotjzcn Table 1 summarizes the
crystallographic data for the zinc bis(ferrocenylphosphonate).

(11) Yokoyama, Y.Yukagakw2002 33, 226-228.

(12) Krishnan, A.; Pal, S. K.; Nandakumar, P.; Samuelson, A. G.; Das, P. K.
Chem. Phys2001, 265, 313-322.

(13) Calabrese, J. C.; Cheng, L. T.; Green, J. C.; Marder, S. R.; Tand, W.
Am. Chem. Sod 991, 113 7227-7232.

(14) Bucher, C.; Devillers, C. H.; Moutet, J.-C.; Royal, G.; Saint-AmarGiiem.
Commun2003 888—-889.

(15) Kim, C.; Park, E.; Song, C. K.; Koo, B. Wynth. Met2001, 123 493—
496

(16) Refaei, M.; Espada, L. |.; Shadaram, Rtoc. of SPIE-Int. Soc. Opt. Eng.
200Q 4036 123-131.

(17) Pandey, P. C.; Upadhyay, S.; Pathak, H. C.; Pandey, C. ElebBtroanaly-
sis 1999 11, 950-956.

(18) lon, A.; lon, I.; Moutet, J. C.; Pailleret, A.; Popescu, A.; Saint-Aman, E.;
Ungureanu, E.; Siebert, E.; Ziessel,$&ns. Actuators, B999 B59, 118—
122.

(19) Coche-Guerente, L.; Desprez, V.; LabbeJPElectroanal. Chem1998
458 73-86.

(20) Foulds, N. C.; Lowe, C. RAnal. Chem1988 60, 2473-2478.

(21) Mizutani, F.; Asai, MBull. Chem. Soc. Jpri988 61, 4458-4460.

(22) Patel, H.; Li, X.; Karan, H. IBiosens. Bioelectror2003 18, 1073-1076.

(23) Pandey, P. C.; Upadhyay, Sens. Actuators, B0O01, B76, 193-198.

(24) Korri-Youssoufi, H.; Makrouf, BSynth. Met2001, 119, 265-266.

(25) Takagi, M.Pure Appl. Chem2001, 73, 1573-1577.

(26) Takenaka, S. Patent Jpn. 2000125865, 2000.

(27) Yu, C. J.; Wan, Y.; Yowanto, H.; Li, J.; Tao, C.; James, M. D.; Tan, C.
L.; Blackburn, G. F.; Meade, T. J. Am. Chem. So200], 123 11155
11161.

(28) Yasuzawa, M.; Hamada, H.; Oga, K.; Mitsui, H.; Kunugi, Rroc.-
Electrochem. So001, 2001-18, 653—-656.

(29) Neuse, E. WMacromol. Symp2001, 172, 127—-138.

(30) Henderson, W.; Alley, S. Rnorg. Chim. Acta2001, 322, 106-112.

(31) Alley, S. R.; Henderson, W.. Organomet. Chen2001, 637—639, 216—
229.

Table 1. Crystallographic Data; (1) for All Reflections; (2) for
Reflections | > 20(l)

formula Zny sFePQCioH12
formula weight 315.71
crystal system orthorhombic
space group Pccn

alA 9.6950(10)
b/A 26.700(3)
c/A 8.8640(10)
VIA3 2294.5(4)
z 8

D/g.cnt 8 1.828

M, 0.71073
ulem™1 2.469

TIK 173

26 min/max 3.0/32.4
total no. of indep. reflcns 3817
total no. reflcnd > 20(1) 736

no. of variables 80

Rr2 (1) 0.1969
Re2 (2) 0.0625
WR:2 (1) 0.0385
WR:2 (2) 0.0419
res. density min/max —0.57/0.65
GOF 1.13

Figure 1. Zn(HOsPFc)-2H,0 viewed down the axis, showing the Zn
O—P—0-2Zn chains; Zn atoms are located at the center of blue tetrahedrons
and P atoms at the center of pink tetrahedrons; O atoms of the water
molecule are presented as red circles.

The crystallographic structure consists of-ZD—P—0—2Zn
chains arranged as sheets which are separated by ferrocene
double layers. The chains are formed by-ZD tetrahedrons,
of which each is connected to two neighboring-ZD tetra-
hedrons through two phosphonato bridges forming the chains
along thec axis (Figure 1).

Within each sheet of chains, the chains are separated by
channels occupied by the water molecules (Figure 2).

Two phosphonato oxygen atoms are thus linked to two
neighboring zinc atoms and on the third oxygen atom (O6)
remains a hydrogen atom (H27). The structure suggests that
this hydrogen atom is hydrogen-bonded with a water molecule
placed between two neighboring chains (017) (Figure 3). This
interaction is at 1.55 A, too short for classical hydrogen bonding.
Actually, the hydrogen atoms of the hydroxyl group and the
water molecule were hardly visible in the Fourier difference
map, so that they are not too well placed with respect to their

(32) Oms, O.; Maurel, F.; Caryé.; Le Bideau, J.; Vioux, A.; Leclercq, DJ.
Organomet. Chen004 689, 2654-2661.
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Figure 4. View downb of Zn(HOsPFc)-2H,0; all atoms but one ferrocene

layer have been omitted; nonshaded area represents ferrocene moieties linked
to a single chain; shaded area ferrocene groups linked to a neighboring
chain.
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Figure 3. ORTEP view of the environment of Zn atom; H atoms on [y —~—
ferrocene have bgen omitted for clarity; H27 linked to O6 (POH) presents . | . | . | . . . | L]
hydrogen bond with 017 (40). 40 60 80 100 120 140 160 180 200 220 240
Table 2. Selected Bond Distances and Angles Temperature (°C)
distances/A anglesl® Figure 5. TGA: 2°C/mn, N; atmosphere.
Zn 04 1.939(6) Olzn 05 109.6(3) . L .
7n O5 1.937(6) OiZn O5 117.0(4) More interesting is the arrangement of ferrocene moieties.
P 04 1.525(6) O#Zn OF 104.1(3) They are arranged as layers, within which ferrocene groups are
P OS5 1.496(7) Ozno4  112.7(4) packed edge to face (Figure 4). Within a layer, the distance
P 06 (POH) 1.567(7) Zn OR 140.6(4) : : .
06 H27 (POH) 1.114 Zn OB 142.3(4) between two iron atoms from two neighboring ferrocene groups
PC1 1.765(6) OP 06 107.1(4) which are linked to the same chain is 6.48 A, whereas the
FeC 2.02-2.05  04PCl1 110.9(4) distance between two iron atoms from two neighboring ferro-
ccC 1.38--1.46 05P C11 108.3(4) : : . . Lo
P 06 H27 99.91 cene groups which are linked to two neighboring chains is 6.66
ii —x+1/2,y,z+ 1/2 P C11C7 128.1(7) A. The stacking of two ferrocene layers leads to the shortest
i x, —y+1/2,2+1/2 PCl1C10  123.8(7) Fe—Fe distance found in this compound at 5.67 A. The

cyclopentadienyl planes from the ferrocene moiety are nearly
parent atoms, and the presence of more peaks around the Wateﬁarallel (2.0) and the conformation nearly eclipsed (L.3
molecule indicates that there is orientational disorder. The O6 rotation)

H27 distance is a little bit too long (1.11 A cf. expected ca. 0.8 . . . .
A, see Table 2), thus maybe explaining the short HOL7 Thermal Beh.awor. Thermograwmet-rlc .analys!s show§ a
hydrogen bond obtained. It was not possible to improve the pronounced weight loss around 85, which is con3|st_ent with
localization of these atoms since the quality of the data were (€ departure of two water molecules. Further heating leads to
limited by the very small size of the crystal (0.05-mm thick). "€ degradation of the compound, as shown by an important
Nevertheless, the hydroxyl group of the phosphorus environmentWeight loss at 223C, Wh'Ch_ Is consistent with the elimination
pointed directly in the direction of the water oxygen atom. of the nonsubstituted Cp rings (Figure 5).

The fourth corner of the phosphonato tetrahedron is occupied At 90 °C, the thermodiffractogram of the title compound
by a carbon atom coming from the ferrocene moiety. All local shows the disappearance of most of the diffraction lines except
coordination distances are normal. the first one. The first diffraction peak which was indexed (020)

12092 J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004
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0 210° 410° 610° 810° 1107 12107 14 107
7' (82) frequency domain is not observed. The behavior is merely
Figure 7. Complex impedance spectra recorded at (a) 354, (b) 338, (c) resistive even in the low-frequency domé&h.
319, and (d) 302 K. The values obtained after the refinements of the impedance

spectra are displayed in Figure 8.

The capacitive valu& obtained from the refined diameter
of the high-frequency domain is about a few nF indicating that
Jhe grain-boundary response is predomirf4ft.An increase
in capacitance is observed as a function of temperature; this is
also associated to a capacitive behavior becoming more and

presents a shift toward lower angle when the temperature
increases. (Figure 6)

The broad signal at°20, the relative intensity of which
increases upon heating, is due to the sample holder. The gener
evolution shows that the packing of the layers is retained after
the loss of the water molecules, although the crystallographic X
order is lost between and within the Z®—P—0—Zn chains. more idealn — 1. _ _

The small increase in the distance between ferrocene double All the conductivity data were fitted to the Arrhenius
layers cannot be further explained because of the lack of EXPressiony = oo exp(~E4/KT), whereoo is a preexponential
structural information of the resulting compound. factor, E, the activation energy, arkdthe Boltzmann_constant.

Conductivity and Battery Study. The conductivity of the It can pe observed that the data_l follow an Arr_hemus law over
material was studied as a function of temperature betwezth e entire temperature range (Figure 9). This indicates that the
and 80°C. Typical impedance plots (CotCole plot) are shown process is thermally assisted, although the conductivity of the
for four temperatures in Figure 7. sample is weak. o .

Impedance spectra consist usually of an arc in the high- To know whether the. ferrocene moieties |q|t|ally present in
frequency domain and a line inclined at4&ith respect to the  the sample may be oxidized, two electrochemical methods were
Z axis in the low-frequency range. The straight line is explained employed. First, the response of the material was recorded under
by the ion blocking effect (modelized by RQ in the circuit), potentiostatic conditions. In the voltage domain38 V versus

and the semicircle is affec.ted mostly by the mqtlon of the ions (33) Bianchi, D.; Casciola, MSolid State lonic4985 17, 7—12,
through and between particle boundaries (RK in parallel). The (34) Sanz, F.; Parada, C.; Rojo, J. M.; Ruiz-ValeroOBem. Mater1999 11,

; ; ; 2673-2679.
elements K and Q correspond to dleleCtr_IC re_laxz_;1t|on and (35) Amarilla, J. M.; Rojas, R. M.; Rojo, J. M.; Cubillo, M. J.; Linares, A,;
electrode phenomena, respectively. The straight line in the low- Acosta, J. L.Solid State lonic200Q 127, 133-139.

J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004 12093
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Figure 10. Electrochemical titration of the sample by potentiostatic (gray
line) or galvanostatic (black square) method.

Li and during the anodic sweep, two peaks are observed: the

firstis irreversible, the second may be attributed to the response

of the material (Figure 10). To support this hypothesis, a

galvanostatic titration was then performed. During cycling, the

discharge capacity was reported as a function of the voltage

cutoff, Vc, at the end of the oxidation. By increasing progres- 0.988 4

sively Vg, it is possible to recover a maximum of 0.35 electrons

per mole of ferrocene in the subsequent discharge processes. :

We surmise that this value is due to the reversible oxidation of R T T

ferrocene to ferrocenium, the irreversible reaction that occurs Velocity (mm/s)

during the charge process being discriminated by this technique. iy 0 17 Massbauer spectra for Zn(HBFc)-2H,0 before (top) and

As a matter of fact, whelc is increased to values higher than after (bottom) chemical oxidation.

3.6 V versus Li, there is no additional response in discharge

whereas large irreversible capacities are obtained in charging.2.291 mm.s?, I';; = 0.272 mm.s?) corresponds to a nonoxi-
Oxidation by lodine. As it was impossible to recover the dized part of the compound, and the second ¢&ey(= 0.432

oxidized sample after the battery testing, another route of Mm.s, QS z, = 0.205 mm.s%, Iz, = 0.272 mm.s?) is

oxidation was tried. The oxidation of ferrocene by elementary characteristic of the S= 1/2 ground doublet of low-spin

iodine represents one of the most convenient procedures forferrocenium®*-4® From the fitted signals, the amount of

the preparation of ferrocenium salts, the halogen acting both asferrocenium is 22.8(3.6)% of the initial ferrocene content. The

the oxidant and as the anion soufé&xposure of the compound ~ molar magnetic susceptibility for compou@dbeys a Curie

to iodine led to a sampl@ which was studied by IR and Weiss law with some temperature-independent paramagnetism

Méssbauer spectroscopy as well as by magnetic measurementg:ontribution, that isy = C/(T — 6) + TIP whereC = 0.268(1)

0.996

0.992

Relative Transmission

IR spectrum of2 revealed a new vibration at 410 cf as emu.K.moft, 6 = —1.83(2) K, and TIP= 0.00363(2)
expected for the antisymmetric ring metal stretching in ferro- €mu.mof. The TIP value is of the order of magnitude expected
cenium?” the same vibration mode was found at 483 érfor for such a contribution because of the availability of low-lying

the title compound before oxidation. The Mabauer spectra  excited state$!4>A small negatived value suggests some small
observed before and after oxidation by iodine are shown in antiferromagnetic interaction between paramagnetic centers.
Figure 11. Spectrum of initial Zn(H§PFc)-2H,0O 1 shows one

Discussion
doublet with an isomer chemical shift &8, = 0.431 mm.s?
and a quadrupolar splitting d®S = 2.321 mm.s? with a The packing of the ferrocene molecules in the double layers
relatively narrow line width ofl'; = 0.230 mm.s. The in our zinc bis(ferrocenylphosphonate) is identical to the packing

ifferen f intensiti ween the two lines i mmonl
difference o tensities bet e.e the two eg S C.o 0 .y (39) Nagayoshi, K.; Khayrul Kabir, M.; Tobita, H.; Honda, K.; Kawahara, M.;
observed for samples presenting preferred orientation, which Katada, M.; Adachi, K.; Nishikawa, H.; Ikemoto, I.; Kumagai, H.;

i i i i Hosokoshi, Y.; Inoue, K.; Kitagawa, S.; Kawata, 5.Am. Chem. Soc.
is the case here in view of the needle shape of the title 5003 125 221232,

compound, thus showing an anisotropic recoil-free fractfon. (40) Davidson, A.; Villeneuve, G.; Fournes, L.; Smith, Mater. Res. Bull.

g hi p ; 1992 27, 357—366.
The oxidized compo_unﬂ exhibits a M@sbauer spectrum with (41) Miller. J. 5. Ward, M. D.: Zhang, J. H.: Reiff, W. Nhorg. Chem199Q
two doublets. The first onel$ 4 = 0.428 mm.s!, QS,, = 29, 4063-4072.

(42) Miller, J. S.; Calabrese, J. C.; Rommelmann, H.; Chittipeddi, S. R.; Zhang,
J. H.; Reiff, W. M.; Epstein, A. J. Am. Chem. S0d.987, 109, 769-781.

(36) Neuse, E. W.; Loonat, M. S. Organomet. Chen1985 286, 329-341. (43) Hendrickson, D. N.; Sohn, Y. S.; Gray, H.IBorg. Chem1971, 10, 1559~
(37) Pauvlik, I.; Klikorka, J.Collect. Czech. Chem. Commut965 30, 664— 1563.

674. (44) Morrison, W. H.; Hendrickson, D. Nnorg. Chem1975 14, 2331—2346.
(38) Herber, R. H.; Nowik, 1Solid State ScienceX)02 4, 691-694. (45) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993.
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found for solid-state molecular ferrocene. Moreover, the two  The structural features suggest that the conductivity should
shortest distances are similar in the two compounds: 5.673be low, which is confirmed by the conductivity behavior. The
versus 5.921 A for two neighboring ferrocene moieties arranged values ofoy and E, point to a mechanism driven by default
edge-to-edge, from two neighboring layers, and 6.478 versusaccording to the classification of Colomban and Novak and is
6.494 A for two neighboring ferrocene moieties arranged edge- close to the one observed for diamio&f(HPOy)2.54

to-face, from a single layer, for the title compound and the solid-  The well- resolved central doublet observed by sgloauer
state molecular ferrocene, respectivéyEerrocene groups in spectroscopy for the oxidized compou&,§ = 0.432 mm.s?,
Zn(HOsPFcy-2H0 present approximatBs, symmetry since  QS,, = 0.205 mm.s?, ', = 0.272 mm.s?) is consistent with
the cyclopentadienyl planes are almost parallel and eclipsed.a stable $= 1/2 ferrocenium state as compared to thésktrauer
The thermal stability, limited to about 80C, shows the  time scale (107 s). This S value leads for the effective moment
importance of the water molecules in the crystallographic to a spin only value of 1.78g; however, as commonly expected
arrangement. The drastic decrease in diffraction signal onfor S = 1/2 ferrocenium, anisotropy and a significant orbital
heating at 140°C illustrates the loss of the crystallographic contribution lead to @ value of 2.7, thus to a higher effective
arrangement within and between the chains. Nevertheless, thenoment for S= 1/2 ferrocenium of 2.34ug.394143 The
(020) reflection remains clearly observable evidencing that the correspondingC value is 0.68 emu.K.mot. The same value
ferrocene layer arrangement has not been lost yet. From thisywas used in previous studies to determine the amount of
observation, along with the short-@1 — & distance around intercalated ferrocene in-VOPQ,.4° The C value obtained for
3.7 A within the ferrocene layers, one might infer that the qxidized Zn(HQPFc)-2H,0 (2) is 0.268(1) emu.K.mot, thus
ferrocene moieties arrangement is the driving force in the equiva|ent to an average value ®of 0.268/2 emu.K per mole
crystallographic organization, thus providing an organized of ferrocene. This result, along with the expected 0.68
assembly for the whole. Apart from the 2D arrangement of the emu.K.mot? for ferrocenium, leads to a ratio of oxidized
ferrocene layers, the structure exhibits strong chemical bondingferrocene in Zn(HGPFc)+2H,0 of 20%. This value agrees very
only along thec axis, producing the backbone of the structure e|| with the 22.8(3.6)% obtained by Msbauer signal fitting.
and giving its 1D feature. Most metal phosphonates show Galvanostatic titration of the title compound has shown that it
layered arrangements, and only a few examples with linear yas possible to recover a maximum of 0.35 electrons per mole

arrangements have been reported on zircorfitvanadiunt&4°
uranium®°-52 molybdenun®? cadmium?* and iror¥® phospho-

of ferrocene, that is, 35% of the ferrocene was reversibly
oxidized. Taking into account the low conductivity of the

nates. To our knowledge, no 1D zinc phosphonate have beensample, the oxidation process for the galvanostatic titration is

obtained yet, but a linear zinc dimethyl phosph&tand
ladderlike zinc phosphatéand zinc phosphondtehave been
described with corner sharing of strictly alternating zZredd

thought to proceed by incorporation of GiOcounteranions
from the electrolyte rather than by migration of the cation out
of the structure. Oxidation by iodine might also occur exclu-

PG, tetrahedrons. Besides this, coordination polymers containing sjvely at the surface of the crystallites, without necessity;of |
ferrocene are usually either ferrocene-substituted carboxylatesmigration within the crystallite, and where kan be located

or ferrocene-substituted pyridine, pyrimidine, or pyraZihe. nearby the ferrocenium. The difference in the amount of
Most of them adopt a low-dimensional crystallographic arrange- oxidized iron between these two experiments may be explained
ment in the form of chain~°! double-helix$? or dimers?® by the difference between the processes used to achieve the
As in the title compound, all these inorganic polymers bear the oxidation. Moreover, the grain size could be slightly different
ferrocene moiety on the side of the chain, as in our phosphonate petween the experiments. Indeed, in the electrochemical mea-

rather than within the chain itself.
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surements, the sample was finely ground and mixed with carbon
black. In addition to the conductivity measurements, these results
reinforce the idea of a surface-to-volume response. A calculated
evaluation of the crystallite size which leads to 30% of the
ferrocene moieties on the external surface of the crystallite leads
to a reasonable value of 10 nm edge cubelike crystallite.
Therefore, all reversible oxidation observed here could be due
only to ferrocene moieties present on the surface of the
crystallites.

Conclusion

We have presented a study of a peculiar hybrid solid,
exhibiting a 1D arrangement along with 2D structural features.
Its oxidation rate is limited by the lack of ionic conductivity.
Nevertheless, the electrochemical response of the ferrocenyl-
phosphonate synthon was efficient on a single surface scale, in
such a manner that electrode modification for chemical sensors
with these synthons might be considered. The functionalization
of ferrocene by a phosphonate group might also be considered
for use in optical and medical devices.
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Experimental Section frequency range was from 1 to 4Bz, and the temperature cycle was
comprised betweer-20 and 85°C. The stability is+0.25 °C using

the Pelletier effect. An “RKQ” (R and K in parallel with Q in series)
model developped by Casciola and Bianchi was applied to simulate
the impedance spectfaAfter removal of the geometric capacitance
of the cell, the impedance plots were refined by the expressios:
(RZJ(R+ Z)) + Zgo, where K and Q are constant phase angle elements
related to dielectric relaxation in the material and electrode phenomena,

Synthesis.One hundred milligrams (0.38 mmol) of ferrocenylphos-
phonic acid was dissolved in 10 mL of water. This solution was adjusted
to pH 4 and 430 mg (1.45 mmol) of Zn(NJR-6H.0 was added. The
mixture was left at room temperature for five days. The solution was
then filtered off and the precipitate washed with methanol and ether,
and subsequently dried under vacuum. The resulting solid, Zg(HO
PFc)-2H,0, contained numerous yellow needles (87 mg, 0.14 mmol, . PPN PPN
yield 73%). Elemental analysis calcd (%) for ZnPgsCaoHa4 respectively, and expressedas= K™(jw) " andZo = Q"*(jw) * (0
(631.5): Zn 10.35, Fe 17.67, P 9.82, C 38.00, H 3.80; found: Zn 10.27, =(.p =1 ) ]

Fe 17.28, P 9.32, C 37.94, H 3.76. IR (Nicolet AVATAR 320 FT, Battery Preparation and Electrochemical Measurements.The
KBr pellet) (cnm?): 3599(m), 3391(m), 3102(m), 2890(br), 2360(br), active material was mixed with carbon black (Super S from Chemetals

1623(m), 1428(w), 1386(w), 1134(s), 1106(s), 1081(vs), 1054(s), Inc., Bal_timore, MD), 13 wt %, e_lnd PV.DF binder, 6 wt %, to make a
816(m), 483(m)3P MAS NMR (Bruker DPX 300, 121.5 MHz, ref ~ COmposite electrode on an aluminum disk. The electrodes had a surface

HsPO, 30%) 22.7 ppm. area of 1 crd and contained about 5 mg of active material. The
Crystallography. Data were recorded with an Xcalibur CCD camera  €lectrolyte wa a 1 M solution of LICIQs in propylene carbonate.
(Oxford Diffraction) using graphite monochromated Me iKadiation Swagelok test cells were assembled in an argon-filled glovebox with

(2 = 0.71073 A) at 173 K, 40 s per frame. The structure was easily moisture and oxygen levels less than 1 ppm. Li metal was used as
solved using direct methotfsand refined using full-matrix least anode. The batteries were tested using a VMP system (Claix, France)
square$® The final stages of the refinement were hampered because N @ galvanostatic or potentiostatic mode. The coulometric titration
the data/parameter ratio was rather low, this being due to the small (galvanosatic mode) is calculated from the elapsed time, the intensity,
amount of scattering matter; all crystals formed as tiny needles with a the active material mass, and the formula weight, according to the
diameter of typically 50 micron. To keep the data/parameter ratio to a Faraday law and assuming that the experimental capacity during the
reasonable value (10), it was decided to refine only the heavy atoms reduction process is directly associated with the electrochemical
(Fe, Zn, and P) with anisotropic atomic displacement parameters. Theesponse of the active material. The potential step was 10 mV/h.
hydrogen atoms of the cyclopentadienyl rings were placed geo- Muossbauer Spectroscopy?®Fe Missbauer spectra were recorded
metrically. The hydrogen atoms of the hydroxyl group and the water by transmission in the constant acceleration mode using an EG&G
molecule were hardly visible in the Fourier difference map, so that spectrometer. The sample was ground, mixed with grease, and then
they are not too well placed with respect to their parent atoms. In placed between aluminum sheets. Isomer shifts are given as referenced
addition, the presence of more peaks around the water moleculeto high-puritya-Fe foil. The spectra were fitted to Lorentzien profiles
indicates that there is orientational disorder. Temperature-dependentby least-squares method using the ISO progtam.

powder X-ray diffraction data were collected on a Philips X'pert Pro Magnetic Measurements Data have been collected on an Oxford
diffractometer equipped with an X'Celerator detector and an Anton |nstrument 9T VSM magnetometer. The powder was placed in a

Paar HTK 1200 furnace and using CuKadiation ¢ = 1.5418 A). cellulose capsule. Data were corrected for the sample holder and the
Thermogravimetric Analysis. Data were collected with @ 2950 TGA  glements diamagnetic contributions.

HR V5.4A (TA Instruments) thermogravimetric analyzer, under

nitrogen atmosphere, with a heat rate of mn. Acknowledgment. We thank Dr. J-C. Jumas for recording
Conductivity. The material was equilibrated in a 60% RH atmo-  the Massbauer data, Dr. D. Ravot and C. Reibel for recording

sphere. Cy"”déiC;" pellle;s of 10-mm c:iaggtell\r/land #ss-mmtth.ic:(ness the magnetization data, Dr. R Astier and D. Granier for

were prepare co ressing al a. The material was ; ;

sandw?chgd betwe):en grapﬁite elegtrode and plgced into an airtight ceII.reCOrdIng the crystaliographic data.

Conductivity measurements were performed by the complex impedance Supporting Information Available: X-ray crystallographic

method carried out with a frequency analyzer (Solartron 1174). The data (CIF, PDF). This material is available free of charge via
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