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Changes in the Mesbauer spectra of [CalffesS4(SBu)4] salts where Cat= N(alkyl); and PPh are apparent

when these compounds are subjected to temperature changes in the rai2§8 F8or to pressures up to 6.28

GPa. The Mssbauer data are discussed in terms of the temperature and pressure dependence. It is revealed for
the [4Fe-4S7" clusters that the iron atoms become less electronically symmetric as the temperature is lowered or
pressure is increased. The crystal structure of JRHHe,S4(SCHCO,C;Hs)4] is reported and discussed in relation

to the effect of pressure on the gkbauer spectroscopic data. It is possible to arrange the compounds into three
classes depending on their response to the application of pressure.

Introduction expected thaEg would decrease as pressure increases because
the anions and cations are squeezed closer together, thereby
increasing the negative lattice effecj.f). The approach was
particularly attractive, as the conformation of a protein could
effectively exert compression effects on included clusters by
moving charges or partially charged groups closer to the clusters.
It should be stated that pressure changes in a diamond anvil
cell (DAC) are applied isotropically but of course compression
effects due to protein reorganization may exert electric field
q gradients that are not cubic.

When the lattice in a model compound is squeezed, not only
ght the cation approach closer to the core anion, but the cluster
itself may be compressed. Using a range of cations, the lattice
effect should thus be open to investigation. The work is at
" . . ; present somewhat restricted, as it was feasible to study such
positive, but usuallgjar is smaI_I and negative; h.OW‘?Ve“ in the Méssbauer spectra under pressure only at room temperature with
mode| compounds, small cations gagg: contributions that currently available facilities. The compounds chosen are of the

were sufficiently neggtjve to reduckEqg significqntly?*5 _ general formula [Caf]FesS«(SBu):] where [Catf = [NMes]*
One way of examining the effect of changing the anion (1), [NEL]* (2), [NPr]* (3), [NPen]* (4), and [PPh|* (5).
cation distance on the Msbauer parameters is to subject the ¢ hege complexesl, 2, and 4 have been structurally

lattice to changes in pressure. From previous experititde, characterizett and3 has been shown to be isomorphous with

- — the first two. Compound. was chosen, as it has a largg; at
* Corresponding author. E-mail sj29@gre.ac.uk. Fax: 0181-331-8305. 78 K35 Along with these results, the structure and high-
T University of Greenwich. ’ !

* University of Essex. pressure Mssbauer spectroscopic data for [BEFresS«(SCHx-

§ Universitd Bayreuth. CO,C;Hs)4] (6) are reported, discussed, and compared with those
' John Innes Centre. of 5.
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Naturally occurring [4Fe-43F clusters are bound within large
protein structures that are believed to control the redox potential
and chemistry of the clustetdt has been suggested that such
control could be modeled by the interplay of cationic and anionic
charges near the clustér® Indeed, model compounds of the
general formula [N 2[FesSi(SBu)4], where R= alkyl, were
shown to have Mssbauer quadrupole splittinghEg) values
related to cation siZe® and hence presumably to aniecation
distance! AEqg arises from asymmetry in the electric fiel
gradient around the iron atoms and can be considered to be A
combination of two termsgva and dar, Wherequq is the field
gradient generated by the valence electronsappds the field
gradient generated by all other charges in the lattigg.is

Experimental Section
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Table 1. Crystal Structure Data for Some of the Samples in the Study and a Relevant Additional Complex

sample FeFe (A) Fe-S (A) Fe-L (A) S—Fe—S (deg) FeS—Fe(deg) T(K) ref
1 2.741(3) 2.300(4) 2.261(4) 104.1(1) 73.6(1) 208 4
2b 2.759(8) 2.287(8) 2.254(3) 104.0 74.0 295 6
4 2.784(9) 2.296(22)  2.250(14) 103.4(7) 74.7(7) 208 4
[MesNCH,PhL[Fe:Sy(SBu)i] 2.753(5) 2.294(5) 2.261(6) 104.0(3) 73.9(3) 295 6
6 2.757(8) 2.285(5) 2.259(3) 103.8(2) 74.2(2) 2908 this work

aError £0.02.» Mean and error taken from ref 6.

pressure was calculated using the ruby fluorescence métHgill
spectra are referenced to a 2& natural iron foil at 293 K (high
pressure) or 298 K (atmospheric pressure).

Mdssbauer data at 78 K afld NMR spectra showed no resonances 63
other than those expected for the clusters and were in agreement with
those seen previousfy. 'H NMR spectra were recorded on a JEOL
GSX270 spectrometer in dmsl-solution. Compoundd—5 were
prepared by adaptation of a standard procefu@ampounds, [PPhy] .-
[FesSy(SCH.CO,CoHs)4], was prepared by an adaptation of the published
proceduré? Under an atmosphere of dinitrogen, sal{0.69 g, 0.5
mmol) was dissolved in dry, degassed MeCN (56)cHHSCHCO,C;Hs
(0.3 g, 25 mmol) was added dropwise from a syringe. The mixture
was stirred at room temperature for 20 min and the volume then reduced
to ca. 10 c On addition of methanol (40 cip a small amount of
green precipitate formed, which was removed by filtration, and the
volume of the filtrate was reduced to ca. 10%r&thyl acetate (40
cn?) was added and the mixture stored overnight at 253 K. The black
crystals that formed were collected by filtration and washed with diethyl
ether. A second crop of crystals was obtained after reduction of the Figure 1. Structure of the [F£(SCHCO,C:Hs)s]*~ anion showing
volume to 25 crfy, addition of diethyl ether (25 cfjy and storage  the atom-labeling scheme with 50% probability ellipsoids.
overnight at 253 K (0.44 g, 56%)max 1728 cn1t (CO) (Nujol). on .

(dmsode): 13.16 (SCH), 7.87 (PPR), 4.13 (CQCHy), 1.24 (CH). Table 2. Selected Bond Distances (A)

A crystal was placed inside a Lindemann glass capillary, whichwas ~ Fe—Fe* 2.746(3) Fe-S(2***) 2.282(3)
then mounted on an Enraf-Nonius CAD-4 diffractomégéf,and Mo Fe—Fe** 2.762(2) S(Iy-C(1) 1.88(2)
Ko (1 = 0.710 73 A) radiation was used for data collection. A primitive Egg% 2222?)%((%)) ';((lg%(éll)) i;gg;
unit cell was used and later transformed to a body-centered tetragonal Fe-S(2%) 2.278(3)

cell® with a = 15.2617(28) A and = 15.2551(46) A. Data were
collected at 291 K in the=—26 scan mode. Lorentz, polarization, and aSymmetry codes: ) —X, =Y, Z (k) Y, =X, —Z (kkx) =Y, X, —Z
absorption corrections were applied. Iron, sulfur, and phosphorus

positions were initially found by the heavy-atom method in the space Table 3. Selected Bond Angles (defg)

groupP1, which allowed the tetragonal axis to be distinguished in the = pex—Fe—Fe** 60.20(3) Fe-S(2)-Fe* 73.77(8)
nearly cubic unit cell. Remaining non-hydrogen atoms were found in fFe**—Fe—Fe*** 59.60(6) Fe-S(2)-Fe** 74.22(9)
successive cycles of full-matrix least-squares refinement§ @amd Fe*—Fe—-S(l) 142.7(1) FeS(2)y-Fe*** 74.56(9)
Fourier difference syntheses. The structure convergedRvt.050, Fe*—Fe—S(2) 52.82(8) Fe***Fe—S(2%) 52.78(7)
Ry = 0.057, and GOF= 1.422 for 1483 reflections. The weighting Fe*—Fe—S(2*) 53.41(9) Fe**™*—Fe-S(2**)  53.12(8)
scheme wasv = 1/[03(F,) + (0.02F). Fe*—Fe-S(2***)  101.01(7) S(l)-Fe=S(2) 116.4(1)
Fe**—Fe—S(I) 147.9(1)  S(h-Fe-S(2%) 111.5(1)

Results and Discussion Fe**—Fe—S(2) 52.65(7) S(hrFe—S(2***) 116.2(1)
Fe**—Fe—S(2%) 100.61(8) S(2yFe—S(2%) 104.51(9)

Crystal Structures of 1-5. The cations inl are crystallo- Fe**—Fe-S(2***)  52.66(8) S(2)-Fe-S(2**)  103.2(1)

graphically well defined2, presumably3, and4 show some Fer —Fe-S() 143.4(1) ~ S(27)Fe~S(2*)  103.74(9)
rotational disorder in the butyl groups of the thiolate ligafids. Fe Fe-S(2) 100.16(8)  FeS()—C() 102.2(7)
The inner geometries of the [F&(S'Bu)s]2~ anion cores are aSee Table 2 for symmetry codes.

imi ,6
very similaf® (see Table 1). In the structures of compounds 1-4, the interactions of the anions with the cations are very

similar, with four cations around the [F&(SR)]?~ anion#®

(7) Hamed, M. Y.; Hider, R. C.; Silver, Jnorg. Chim. Actal982 66,

13-18. The structure of compoun8 is unknown but is included in

(8) McCammon, C. A. IrRecent trends in high pressure researsingh, this study because it contains the same anion as compounds
A. K., Ed.; Oxford & IBH: New Delhi, 1982; p 824. 1—4 and the same cation &s

9) L\)A#ynsr?iglgs%%ﬂ%rganm, G. J.; Block, S.; Holzapfel, W.B.Appl. Crystal Structure of [PPh4]2[Fe4S4(SCH2COz(_:2H5)1_1] (6).

(10) King, H. E.; Prewitt, C. TRev. Sci. Instrum198Q 51, 1037. The structure of the [R&(SCHCO,C;Hs)4]2~ anion with the

(11) Christou, G. C.; Garner, C. D.; Balasubramaniam, A.; Ridge, B.; atom-labeling schem®&is shown in Figure 1. Selected bond
Rydon, N. H.Inorg. Synth1982 21, 33-37. lengths and angles are given in Tables 2 and 3. The iron and

(12) Tollens, L. H. Ph.D. Thesis, Leiden University, 1992. .

(13) CAD4 Operations ManualEnraf-Nonius: Delft, The Netherlands, ~ sulfur, S(2), atoms form the eXpeCted. [4_F92¢S¢Uban?'“ke
1977. ' ' cluster, centered on the Wyckoff (a) site obmmetry in the

14) gt?"v tcf 'i;r"\"lo'EN'Lj"” I'I%Ierr?c;enrmft?\ll“gne'm'SI)DIStIfetmTrﬂor NC%St?' space groug4 (No. 82). The tetrahedron forming this inner
Pde 1900, - YSiS, eer Manuasnrai-Ronius: DEIL The N core is among the most nearly regular so far fothdhe

(15) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography; Kynoch Press: Birmingham, England, 1974; Vol. IV, Table  (16) Watkin, D. J.; Prout, L. JCAMERON Chemical Crystallography
2.2B. Laboratory, University of Oxford: Oxford, England, 1996.
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tetrahedron of the iron atoms is very slightly elongated along
the c axis, contrasting with a slight flattening of the associated
S(2) tetrahedrof® The central [4Fe-4S] core has almost
perfect 2m (D2q) point symmetry, deviating only by a small
twist of 0.48 away from perfect staggering between the iron
and sulfur tetrahedra. This twist is manifested by the difference
between the FeS(2) and Fe-S(2*) distances shown in Table
2.

The main structural features of the [4Fe-4Sjore are similar
to those of the characterized [fSa(S'Bu)4)2~ salts and to those
of a number of other clusters presented for comparison in Table
1. There are three sets of four equivalent5¢2) bond lengths.
The first set, parallel to the direction, is 2.282(3) A, and there
are two sets of bond lengths with an average of 2.287(4) A
lying perpendicular to the dxis. The overall mean FeS bond
length is 2.285(2) A. This value lies within the range obset¥ed
in another study (2.278(5)2.292(10) A).

All [4Fe-4SF" cores show a degree of distortion in the 4-fold
axis direction. This distortion has been examined at length, but
its origin is still open to discussion. The first attempts to
determine the electronic configuration used a perfect cubane
core and resulted in orbitally degenerate ground s#ités.
These conclusions led to the interpretation that the core
distortions are a result of a Jahifieller effect?? but it has also
been argued that JahiTeller distortion would not lead to a
diamagnetic ground staté Theoretical calculations were also
applied to this problem usinfy andDyy Symmetry restraint

Silver et al.

e
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4.09(6) GPa

RELATIVE TRANSMISSION

VELOCITY (mm/s)
Figure 2. Mdssbauer spectra of [NMEg[FesS4(SBu)4] (1) at 293 K

and more recent theoretical calculations used double-exchanget the pressures indicated.

and vibronic coupling mechanisms to investigate the electronic
states above the diamagnetic ground state.

The atoms of the D, chain attached to S(1) manifest large
and highly anisotropic thermal ellipsoids. These are ascribed
both to large thermal vibration amplitudes and to conformational
disorder, as these atoms have a large amount of free space
which to arrange themselves.

The phosphorus atoms lie on Wyckoff sites (b) and (d) of
the 14 space group, and therefore the [FPtcations have the
maximum point symmetry possible for such species, i.e., 4

The packing of ions is such that each cluster anion has an
irregular array of 10 relatively close cation neighbors, two lying
on thec axis at distances of 7.628 A, the four next closest being

[FesS4(SBuU)4]?~ anion core}b and it was thought that various
distortions seen irl—4 could be ascribed not to the ligand
environments but to lattice effectslt seems likely that

complexities in the anionacation contacts should be a major

. contributor to the lattice effects in compouGdand it is feasible
That the unusually small distortion of the core@rcould be a

consequence of the lattice effects counteracting the usual
tendency for the cluster to distort.

MdOssbauer Spectroscopyf Factors. It can be seen from
the high-pressure spectra in Figure 2 and the collection times
in Table 4 that the Mssbaueff factors (the fraction of’Fe
atoms able to absorprays and undergo the Mebauer effect)
increase with applied pressure, so that the statistics on the higher

arranged as a flattened tetrahedron at 8.531 A, and the remaininqJressure spectra are befstactors can in theory be subdivided
four lying in a square further out at 10.792 A. The resulting into many component products, but here it is chosen to discuss

coordination number for each anion is thus larger than that for
salts1—4, and the geometrical arrangement of the lattice field
is more complex. There are many catieamion interactions but
no close contacts between the anions.

Structural studies of other compounds indicate that solid-state
environmental effects play a role in the distortion of the

(17) Melnk, M.; Vaneova, V.; Ondrejkovieva, |.; Holloway, C. E.Rev.
Inorg. Chem.1997, 17, 55—-286.

(18) Using the geometrical parameters introduced by: Berg, J. M.; Holm,
R. H. In Metal lons in Biology Spiro, T. G., Ed.; Interscience: New
York, 1982; Vol. 4, Chapter 1, pp-166. ffire = 54.4T and fis) =
55.19, compared with 54.74for a regular tetrahedron.

(19) Kanatzidis, M. G.; Baenziger, N. C.; Coucouvanis, D.; Simopoulos,
A.; Kostikas, A.J. Am. Chem. S0d.984 106, 4500-4511.

(20) Fourst, A. S.; Dahl, L. FJ. Am. Chem. Sod.97Q 92, 7337.

(21) Gall, R. S.; Chu, C. T.; Dahl, L. B. Am. Chem. Sod974 96, 4019.

(22) Trinh-Toan Teo, B. J.; Ferguson, A. J.; Meyer, TJJAm. Chem.
Soc.1977 99, 408.

(23) Yang, C. J.; Johnson, K. H.; Holm, R. H.; Norman, G1.JAm. Chem.
Soc.1975 97, 6596.

(24) Thomson, A. JJ. Chem. Soc., Dalton Tran%981, 1180-1189.

(25) Aizman, A.; Case, D. AJ. Am. Chem. S0d.982 104, 3269-3279.

(26) Bominaar, E. L.; Zhengguo, H.; Munck, E.; Girerd, J.-J.; Borshch, S.
A. J. Am. Chem. S0d.995 117, 6976-6989.

the f factor as a whole since there is only one experimehtal
factor. The mean vibrational amplitudes of #fEe nucleus play

the major role in determining thifactor. Increased pressure is
expected to increase the steepness of the potential well in which
the®"Fe nuclei reside. This will decrease the root-mean-square
vibrational amplitudes of the’Fe nuclei in two ways; i.e., the
amplitudes of all individual vibrational quantum states are
reduced directly, and the energy spacing between states is
increased, thereby reducing the thermal population of higher
states. Due to the nature of the experiment, the geometry of the
gasket hole and sample thickness change when the pressure is
changed. This unknown variation of sample geometry prevents
full analysis off factor data.

Line Widths (I'12). Compoundsl—3 and6 all have highly
symmetrical anions in which the iron atoms are crystallographi-
cally identical. The values fdry, at 298 K range from 0.14(1)
to 0.22(2) mm/s, the small values confirming single-site spectra.
Sample4 has a larged’y» value of 0.32(2) mm/s, which is
entirely consistent with the crystal structdre that the iron
sites within the cluster are not symmetry equivalent and four
different Fe-S(ligand) distances are quoted. Thus a range of
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Table 4. Méssbauer Spectroscopic Parameters for [4F&+4S3lts due to multisite occupancy and at low temperatures the spectrum
at Various Temperatures and Pressures split into separate sites. This however does not describe the
02 AEq T collen time behavior of4, since thel'y; value decreases significantly at
P(GPa) T(K) (mm/s) (mm/s) (mm/s) (h) low temperature and does not show any sign of resolving into
CompoundL separate sites.
1x 10+ 78 0.43(2) 0.72(2) 0.20(2) Isomer Shifts (#). For saltsl and6, theo values decreased
1x10% 298  0.32(2) 059(2) 0.14(1) 19 slightly with increasing pressure, suggesting an increase in
1-8883; ggg 8-23% 8-238 8%% ‘2‘8 electron density at the iron nucleus. Similar pressure effects on
4:09(06) 293 0:28(2) 0:79(2) 0:22(3) 19 o have been seen for other iron compoufdas pressure is
5.15(18) 203  0.28(2) 0.80(2) 0.20(3) 14 expected to reduce volume and thereby cause a general overall
Compound increase in glectron density, it would be surprising did not
1% 104 78 043(2) 1.14(2) 0.23(2) decrease with pressure. Thealues for compound3—5 show
1x 104 208 0.37(2) 0.81(2) 0.22(2) little variation with pressure, implying that, in these cases, there
[MesNCH,PhL[FesS«(SBuU)4] is no change in the_electron density at the n_uc!eus and that_ the
78 0.43 1.10 0.19 generally expected increase of electron density is not transmitted
Compound3 to the iron nuclei. It is possible that changesdivalues may
1x 104 78 0.44(2) 1.3512) 0.16(2) be masked by changes in the second-order Doppler effect with
1x10% 298 0.34(2) 0.82(2) 0.22(2) pressure. However, pressure-induced changes in second-order
0.94(20) 293  0.31(1) 0.83(2) 0.21(2) 36 Doppler shifts are expected to be small for lattices of low Debye
2.24(13) 293 0.30(1)  0.90(1)  0.22(2) 15 temperature, and a possible relativistic contribution may also
i:igggg ggg 8:228 8:328 8:%‘11% 12 be neglectea?ﬁ?’_The effects of temperature changescare
more apparent in all compounds and consistent with previous
Compound4 data34
1x 10 78  0.44(2) 1.36(2) 0.19(2) . I
1x10%4 298 030(2) 0.91(6) 0.32(4) 124 Quadrupole Splittings (AEg). There are contributions @
0.86(2) 293 0.27(2) 0.90(3) 0.21(2) 338 from the cations and from the local sulfur ligands. Bearing in
1.99(19) 293 0.29(2) 0.95(2) 0.21(2) 43 mind the relative distances of the cations and the ligands from
433(53) 293  0.30(2) 0.95(3)  0.22(5) 12 the Fe nucleus together with the® dependence of the electric
6.28(03) 293 0.28(1)  0.95(2)  0.23(2) 48 field gradient, it seems that the contributions from the cations
. Compoundd should be neglected unless it can be shown that the net
1 x 1& y 253 g-g‘é(é)) g-g;(é)) g%(é)) contribution from ligands is very smallgq in distorted
1.16(09) 293 6_37(2) 6_80(3) 6_30(4) 29 tetrahedral Fe(ll) comp[exes ha§ been shown to be large and
2.7(39) 293 0.32(1) 0.84(2) 0.29(4) 18 very temperature sensitive This is because the odd electron
4.45(04) 293  0.36(3) 0.88(3) 0.28(3) 16 lies in one of the e orbitals and creates a large field gradient. If
Compounds the splitting between the e orbitalsA{dnd dz—?) is small and
1x 10 78  0.43(2) 081(2) 0.15(2) the excited orbital is thermally accessible and is given a
1x 104 293 0.36(1) 0.68(2) 0.19(1) favorable molecular vibration, the system can equilibrate
1.01(28) 293  0.33(1) 0.85(2) 0.20(3) 24 between the two states. As they have electric field gradients of
g‘gggg ggg 8:%8; 8:;28; gégggg %g opposite signs, the obse[vedE_Q is very temperature sensitive.
4.67(15) 203 027(1) 079(2) 0.21(3) 29 In the case of the [Feg]f~, anion the splitting falls from 3.27
4.68(86) 293 0.28(1) 0.83(2) 0.23(3) 22 mm/s at 4.2 K to 0.72 mm/s at 293 K.
4.69(99) 293 0.31(2) 0.79(3) 0.23(4) 23 In the [FeS4)?" clusters, the iron atoms are of the required
5.83(30) 293  0.29(2) 0.85(3) 0.26(4) 17 distorted tetrahedral geometry but are not Fe(ll). However, the

a5 = isomer shift, referenced to iron foil at 293 K for high-pressure iron atoms are in most cases equivalent and can be described

measurements and at 298 K for othérEy, = half-width at half-height. as Fe(2.5). Although various bonding and exchange theories
may affect detailed descriptions of the systéthey must all

isomer shifts and\Eq values might be anticipated, although have equivalent arrangements of electron density at each Fe
the fact that widely separate sites are not seen in thesbuer  atom and similar electronic field gradients. In conceptual terms,
spectrum shows that localization of valence electrons (giving one may think of each Fe atom as possessing an extra half-
separate Fe(ll) and Fe(lll) sites) does not occur. electron over the dhalf-filled symmetric shell of Fe(lll), this

At elevated pressures (and, at 78 K, atmospheric pressure)half-electron causing an electronic field gradient about half of
the line widths forl, 3, and4 are roughly constant when due  that in the [FeCJ]2~ anion.
allowance is made for the different sources (room-pressure
spectra at both temperatures were recorded with lower activity (29) Krockel, M.; Grodzicki, M.; Papaefthymiou, V.; Trautwein, A. X.;
sources which have narrower natural line widths). In particular, Kostikas, A.J. Biol. Inorg. Chem1996 1, 173-176.
compound4 shows much sharper lines than it does under (30) Coucouvanis, D.; Kanatzidis, M. G.; Salifoglou, A.; Dunham, W. R.

! " . ; : . J. Am. Chem. S0d.987, 109, 6863-6865.

ambient conditions, suggesting that the iron sites have in some(sy) kishore, D.; Mendra, U.: Gupta, G. P.; Lal, K. Bhys. Status Solidi
way become equivalent. More pronounced temperature effects 1980 98, K51.
have been discussed elsewhere f0r635@|6]2_ clusters?’-30 (32) Armthauer, G.High Pressure research in the Geoscienc&sh-

weizbartische Verlagsbuchhandlung: Stuttgart, Germany, 1982, p 269.
where a broad room-temperature spectrum was shown to be(33) Greenwood, N. N.: Gibb, T. Qossbauer SpectroscopZhapman

and Hall Ltd.: London, 1976; p 30.
(27) Coucouvanis, D.; Kanatzidis, M. G.; Dunham, W. R.; Hagen, W. R. (34) Muller, A.; Schladerbeck, N. H.; Krickemeyer, E.; 8ge, H.; Schimtz,

J. Am. Chem. S0d.984 106, 7998-7999. K.; Bill, E.; Trautwein, A. X.Z. Anorg. Allg. Chem1989 570, 7—36.
(28) Krockel, M.; Trautwein, A. X.; Grodzicki, M.; Papaefthymiou, V.;  (35) Edwards, P. R.; Johnson, C. E.; Williams, R. JJPChem. Phys.
Kostikas, A.; Arendsen, A. F.; Hagen, W. R.Pnoceedings of ICAME 1967, 47, 2074.

95; Ortalli, 1., Ed.; Italian Physical Society: Rome, 1996; Vol. 50, pp  (36) Edwards, P. R.; Johnson, C. E.; Williams, R. JJPChem. Phys.
843-846. 1967, 47, 2074-2078.
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1.0, _ cations. The [NMg™ cation in 1 is relatively small (smaller
| i s/ 1 than the anion), is effectively spherical, and has no torsional
09| 4 vibrational modes for the non-hydrogen atoms. This cation may
1 be thought of as hard. It is therefore difficult to distort or to
AR. 08 \%/E/I compress, and its smallness suggests that the pressure effects
Q on 1 will not be very great. There is a change of only 0.13
(mm/s) e mm/s in AEq over this temperature range. The cations are
0.7 :::i assumed not to distort the lattice; this suggests that the increase
——5 in electronic symmetry at the iron is a local effect as described
0.6 —+—6 above. On application of higher pressure at room temperature,
, ‘ ‘ ‘ ‘ lattice vibrations must become restricted. Thus pressure squeezes
0 1 2 3 4 3 6 the lattice, and although it still has energy to vibrate, it is able
Pressure (GPa) to accommodate the pressure by returning toward the 78 K
Figure 3. Plot for AEq at 293 K and at pressures fromx110* to structure. This is apparent from the gradual increasafiy
6.28 GPa for compoundsand3—6. with pressure. At 5.15(18) GPa, tidEg value becomes even

larger than that at 78 K, indicating that the lattice effect has
The contribution of ligand atoms my also depends on the  been squeezed past its 78 K value. The molecular vibrations
tetrahedron being distorted but has a sign opposite that of thehave thus been restricted more than those at 78 K. Compound

correspondingya for a high-spin @ configuration (or 85 and 1 is therefore defined as a class A salt.
a smaller magnitude. Variation aiEq with temperature is In compounds3 and 4, there is a much greater increase in
described by AEq on cooling to 78 K, but the increase with pressure is less
pronounced. The [NErt and [NPeg] " cations have bulky alkyl
Qups= Qo1 — e M TN)/(1 + e™T) chains that are not arranged symmetrically and disorder in the

room-temperature structuré8y analogy with previous findings

where Qqops = AEq of the ground stateA is the energy gap  at 78 K, it is assumed that the cation lattice effect is miniPnal;
between the ground and first excited states. The effect of hence the change iNEq must be solely due to an increase in
pressure on this system would be to increase thereby local symmetry at the iron. In these cases, the change in the
depopulating the higher state and increasiig,. Glar cOmponent ofAEq is minimal and the overall change with

AEq is shown to increase with pressure for all compounds temperature is thereby larger than that for compodndn
(except that o, which was not measured), and the results are compounds and4, almost all of theAEg arises fromgya. Upon
plotted in Figure 3. However the pattern of the increase varies exertion of a 6.28(3) GPa pressure 4@t room temperature,
considerably.AEq also increases when the temperature is AEqincreased by only 0.04 mm/s over the atmospheric pressure
reduced to 78 K from ambient. Previous”dsbbauer spectro-  value. The pentyl chains do not return to their low-temperature
scopic studies over the temperature range-Z#8 K show orientation under the influence of pressure because they still
similar changes ithEq.3*3"41 The [F@SClg]*~ cluster exhibits  have energy to vibrate. In these cases, where the cations are
structural changes with temperature observable in both the quite large and are covered by flexible carbon chains, the major
Mdssbauer and the crystallographic détthese were attributed  effect of pressure is to compress these chains with a smaller
to variations in the superexchange and double-exchange couplingeffect on the cluster anion. This explains why there is a smaller
constants involving the paramagnetic iron atG#. observedAEq value at high pressure compared to the value at

Both lowering of temperature and raising of pressure are 78 K under atmospheric pressure. As compouhasd4 behave
expected to cause lattice contraction. Reduction of the cation  jn similar ways with pressure, they are assigned to class B. This
anion distance alone would give rise to an increase of the class is defined as containing large softer cations that disorder
negativegiy, and hence a reduction ikEq would be observed.  at 298 K and allow their respective anions freedom to vibrate
As this is contrary to the observations, it means that any \when pressure is applied. Compoukdhows disorder in the
contribution toga by the cations is small in relation to larger  cation and also fits into class B.
positive contributions from sulfur ligands. A general effect of The [PPh]* cation in5 is large but rigid when compared
increasing pressure and of reducing temperature is to reduce;p, [NPr]* and [NPeg]" cations. Here, as if, the effect of
vibrational amplitudes. In particular, reduction in the amplitudes pressure onAEq is fairly large. Curiously, lowering the
of sulfur ligands Woulq be expecteq to reduce.the mean ligand temperature has a much greater effectsathan onl, similar
symmetry around the iron, accounting for the inCreasai. to that seen foB—4. The value at the highest pressure is closer
In other words, the electronic environment of the iron atoms ;. i« 78 K value compared to those®&nd4. This is probably
becomes I?SS nearly tetrahedral. . due the fact thab is not able to pin the lattice open and vacant

On considering the compoundsand 35, itis r.easonable' space in the lattice is eliminated under pressure. The JPPh
that the pattern of thaEg increase should be no different; this cation is often found to be highly ordered and well defined in
variation clearly must be associated with the properties of the crystal structures, and although the rings can vibrate (as seen

in the structure of compoun@), the cation is more rigid than
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1.01(28) GPa, followed by no further significant change; (3—6), this was not possible. A plausible explanation of how
however, thisAEqg value is greater than the 78 K value. A high pressure affectdEq values for [4Fe-43] clusters has
surprisingly smallAEq at both room temperature and 78 K is  been put forward wherebgj. for the ligand sulfur atoms is
observed. This suggests the vibrations of the ligand sulfur areimportant. Three distinct types of lattice have been identified.
immediately restricted, with additional pressure causing no Class A has a “hard” lattice and is found in the highly ordered
further change. The crystal structure manifested some disordenattice case, in which the cations can be thought of as hard
at the terminus of the-SCH,CO,CzHs chain, suggesting an  spheres that do not distort with temperature in the range 78
amount of free space in the lattice. It is likely that this space is 298 K or with pressure up to at least 5.15(18) GPa. Class B
initially lost on the application of pressure and any other changes contains softer cations that display disorder at 298 K and keep
caused by pressure do not cause further loss of freedom to thehe |attice pinned open when pressure is applied, effectively
electronic environment around the iron atoms. Further squeezingprotecting the cluster cores from the external pressure. Class C
of the lattice must be taken up in a symmetrical way. The anion js intermediate between the first two and contains cations that

to cation distances also cannot change further, as this wouldare symmetric, less likely to distort than class B, but softer than
affect thega contribution and hencAEg, unless coincidentally  ¢|ass A.

Oval @lso changes to offset a changegig. The overall change

in AEq for compound6 is similar to that for5, but the anion Acknowledgment. J.S. and D.J.E. thank the EPSRC and the
chains require less pressure to alleviate their disorder. ThusNitrogen Fixation Laboratory (BBSRC) for a CASE award to
compoundé fits into class C. G.R.F. High-pressure experiments were performed at the
. Bayerisches Geoinstitut under the EU “TMiRarge Scale
Conclusion Facilities” program (Contract No. ERBFMGECT980111).

It has been demonstrated that the application of pressure at _ ) _ _ _
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