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Abstract—A cubane-type cluster (Et,N)[VFe,;S,(Et,dtc),] has been synthesized from a self-assembly reaction
system VS~ /FeCl,/Et,dtc™/PhS~ in acetonitrile (Et,dtc™ = diethyldithiocarbamate). The compound has
been structurally characterized by X-ray crystallography. M6ssbauer and structural parameters have been used
to deduce the oxidation states of the metal atoms in [VFe,S,]>* core indicating that there are three Fe atoms
with mean oxidation state of ca +2.8. Proton NMR spectrum indicates the paramagneticity of the cluster.
The chemical shift of >V NMR was observed at —210 ppm. Variable-temperature magnetic susceptibility
measurement reveals an antiferromagnetic interaction in the VFe; coupling system. © 1997 Elsevier Science

Ltd
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The studies on iron-containing heterometal sulfur
cubane-type compounds have been attractive to
bioinorganic chemists for simulating the active center
of nitrogenases [1]. Numbers of suitable model clus-
ters have been documented at some length [1a,2]. The
recent X-ray diffraction of MoFe-protein has led to a
supposition of Kim-Rees model [3], which consists
of two defective cuboidal units, Fe,S; and MoFe,S,,
linked by three sulfur atoms. The solution of the struc-
ture of FeMo-cofactor in nitrogenase confirms the
necessity of the foregoing studies on M/Fe/S
(M = Mo [l1a,2], V[4]) double- or single-cubane clus-
ters. We have been studying on self-assembly reaction
system of MS7 /M"*/R,dtc” (and/or RS7)
M = Mo, W, V; M’ = Fe, Cu, Ag) for the syntheses
of heterometallic sulfur cubane clusters with R,dtc
ligand. A series of Mo(W)/Fe/S/R.dtc [5], Mo(W)/
Cu/S/R.dtc [6] and V/Cu(Ag)/S/R,dtc [7] cubane-
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like clusters have been synthesized from the systems
and have made a heterometallic sulfur cluster family
containing R,dtc™ ligand. However, the V/Fe/S/R,dtc
cluster compound has not yet been reported except of
the only one example (Et,N)[V,Fe,S,(Me.dtc);] [8].
So far a few researches on the V/Fe/S complexes
[4,9,10,11] have exhibited their attractive feature to
the inorganic and bioinorganic chemists. Holm ez al.
have reported a series of V/Fe/S linear complexes [9],
cubane-like clusters [4] and VFe,S.(PEt;),X (X = Cl,
SR) clusters [10]. Rauchfuss et al. have reported sev-
eral V/Fe/S clusters [11] synthesized by using a divan-
adium tetrasulfide complexes as starting material.
Here we report an assembly system of VS;~
/FeCl,/Et,dtc™/PhS~ leading to synthesis of a single
[VFe;S,J** cubane-like cluster with Et,dtc™ ligand.
Also included in this paper are the structural, spec-
troscopic and magnetic characterizations for the com-
pound (Et,N)[VFe,S,(Et,dtc),].

EXPERIMENTAL

All manipulations were carried out under dini-
trogen atmosphere and Schlenk apparatus was used
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throughout the experimental process. The solvents
were dried with molecular sieves and degassed prior to
use. Reagents Et,dtcNa - 3H,0 and anhydrous FeCl,,
Et,NCl are commercially available without further
purification. Compounds (NH,);VS} and PhSNa [12]
were obtained by literature methods.

Synthesis of (Et,N)[VFe;S,(Et,dic),] (1)

A mixture solution of (NH,);VS, (0.66 g, 2.8
mmol), FeCl, (1.08 g, 8.5 mmol), Et,dtcNa-3H,0
(2.55 g, 11.2 mmol), PhSNa (0.74 g, 5.6 mmol) and
Et,NCI (0.94 g, 5.6 mmol) in 100 ml of CH;CN was
stirred at room temperature for 24 h. After the undis-
solved material was filtered off, the dark brown-red
solution was allowed to stand in the refrigerator for
separation of inorganic salt. After filtration the filtrate
was again kept in the refrigerator for several days to
give black rectangular crystals which were collected,
washed with CH,CN/(CH;),CO (1:1) and dried in
vacuo to afford 0.35 g (11.7%, based on V) of product.
Anal. calcd for C,sHgFe,NsS,,V: C, 31.43; H, 5.65;
Fe, 15.66; N, 6.55;V,4.76. Found : C, 31.59; H, 5.41;
Fe, 14.60; N, 6.54; V, 4.52, IR (KBr, cm™'): 330,
360 (V—S, Fe—S), 991 (C—S), 1143 (C—NR,) 1492
(C=N). '"H NMR (DMSO-d;): é 1.15 (CH,;, Et,N),
3.20 (CH,, Et,N), 2.07 (CH,, Et,dtc), 34.2 (CH,,
Et,dtcFe), 15.04 (CH,, EtdtcV) ppm. 'V NMR
(DMSO-d;) : 6 —210 ppm.

Data collection and reduction

A black rectangular crystal of 1 obtained from the
reaction solution with approximate dimensions of
0.32x0.18x0.11 mm was coated with epoxy resin
and mounted on a glass fiber. Data collection was
performed with Mo-Ka radiation (A = 0.71073 A) on
an Enraf-Nonius CADA4 diffractometer equipped with
a graphite monochromator at 23+ 1°C using 26
scan technique. A total of 8952 reflections was
collected, of which 8559 were unique. A linear decay,
Lorentz-polarization effect and empirical absorption
correction based on a series of psi-scans were applied.
Intensities of equivalent reflections were averaged.

The crystal and intensity collection are summarized
in Table 1.

Structure solution and refinement

The structure was solved by direct methods with
MULTAN-83 program. Eight atoms in the cubane
skeleton were located from an E-map. The remaining
non-hydrogen atoms were located in succeeding
difference Fourier syntheses. Though the environ-
ments for the four metal atoms in the structure are
identical they can be distinguished reasonably of each
other by comparison of the M—S bond lengths which
were naturally divided into two groups. The two metal

Table 1. Crystallographic data for
(Et,N)[VFe;S,(Et;NCS;),]

CysHeoFesNsS,,V

formula weight 1070.08
aA) 12.599 (2)
b (A) 19.477 (12)
c(A) 19.560 (6)
5 100.89 (17)
V(A% 4713.2

V4 4

Space group P2,/n (No. 14)
T (°C) 2341

1(A) 0.71073
Pealed (g/cmB) 151
u(em™) 16.3

R 0.062°

R, 0.059°

“R=Z|F,—F|/Z|F,|.
’R, = [Z(F,—F)[L,F]".

atoms with shorter M—S distances were recognized
to be Fe, while the other two with longer M—S bonds
were treated as disorder in terms of M = 0.5V +0.5Fe
[13]. Hydrogen atoms were located and added to the
structure factor calculations but their positions were
not refined. The structure was refined in full-matrix
least-squares procedure using anisotropic thermal
parameters for all the non-hydrogen atoms. The func-
tion minimized was Zw(|F,| —|F.|)* and the weight w
is defined as 4F2/[o(F2)]*. Atomic scattering factors
were taken from Cromer and Waker [14], the anom-
alous dispersion effects were included in F, [15]. The
final cycle of refinement included 442 variable par-
ameters for 3392 reflections with I > 3.0¢(I) and con-
verged to 0.18¢ with unweighted and weighted
agreement factors of

R, =ZXZ|F,~F|/Z|F,| = 0.062
and R, = [Zw(F,—F.)?/ZwF?]'? = 0.059

The standard deviation of an observation of unit
weight was 1.32. The highest and the minimum
residual peaks in the final difference Fourier map had
a height of 0.74 ¢/A* and —0.19 ¢/A’, respectively. All
calculations were performed on a COMPAQ PL4/50
computer using MolEN/PC program [16].

Other physical measurements

The IR spectrum was recorded on a Bio-Rad FTS-
40 Model spectrophotometer. The 'H and 'V NMR
spectra were recorded on a Bruker-Am 500 spec-
trometer with TMS and VOCI, as standards, respec-
tively. The Mossbauer spectrum was measured at
liquid-nitrogen and room temperature with a con-
stant-acceleration spectrometer using 50 mCi *’Co in
a Pd matrix held at 21 + 1° as the source. Parameters
were calibrated with metallic iron at room tempera-
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ture. The mass spectroscopic measurement was per-
formed on a Finnigan MAT-8230 GL/MS/DS mass
spectrometer in FAB mode at a resolution of 1000.
FAB mode: target gas of Ar with pressure of 1 Pa,
discharge voltage 8 KV, discharge current 2 mA, m-
nitrobenzylalcohol (NBA) matrix. The variable tem-
perature susceptibility was measured on a Model CF-
1 superconducting extraction sample magnetometer
with the crystalline sample kept in a capsule at
1.5 ~ 300 K. Elemental analyses were carried out by
the Analytical Chemistry Group of this Institute.

RESULTS AND DISCUSSION
Synthesis

The self-assembly systems containing tetra-
thiometallate (metal M =W, Mo [1a,2,5,6,17] V
[2b,4,7,9,18], Re [19] Nb [4d,20]) and metal halide
(metal M’ = Fe, Ag, Cu) have been extensively used
to synthesize a series of heterometal-sulfur cluster
compounds, among which the [M,M}_,S,] (n = 1,2)
cubane-like clusters are always expected if the tetra-
thiometallate is reduced in the reaction process. Holm
and coworkers have prepared single and double
[VFe,S,J****  cubane-like clusters by using
VS;~/FeCl,/RS™ assembly system. In previous work,
we have reported the assembly systems of VS;~
/FeCl,/Me,dtc™ and isolated (Et;N)[V.Fe,S-
+(Me,dtc)s] cluster compound (2) [8]. Interestingly,
the R group in the R,dtc™ reveals an obvious effect
on the products formed in the reaction system.
Diethyldithiocarbamate leads to the [VFe,S,]** cub-
ane-like cluster, while Me,dtc™ leads to the V,Fe,S,
cubane-like cluster under similar assembly system, in
which PhS™ is also a part. Also, in the case of Bz,dtc™,
a mononuclear complex Fe(Bz,dtc), becomes the only
separable product. It appears that the steric effect
of bulky group hinders the formation of polynuclear
metal complex.

It is also noteworthy that the present assembly sys-
tem of mixed ligands, R,dtc™ and PhS~, only results
in the generation of the cluster which contains no
PhS~ ligand. This indicates that the bidentate R,dtc™
is superior to the monodentate thiolate in competitive
coordinating to vanadium and iron ions. However,
PhS~ in the assembly system should not be ignored
since its participation is useful in the reduction of
VS;~ leading to the formation of the VFe;S, cubane-
like cluster. A control experiment, in which PhS~ is
not used, has been carried out resulting in the sep-
aration of no VFe,S, cluster. Similar results have also
been observed in preparing other [VFe,S,(R,dtc),]™
clusters (R, = OC,Hg, C;H ).

Structure

The crystal structure of cluster 1 consists of four
discrete cluster anions and four Et,N™* cations which
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are well separated from the respective anions. An
ORTEP drawing of the cluster anion is depicted in
Fig. 1, and the selected interatomic bond distances
and angles are shown in Tables 2 and 3, respectively.
The anion contains a VFe,S, distorted cuboidal
core, in which all the metal/sulfur rhombic units such
as Fe,S, and M,S, are nonplanar except for the
Fe(2)M(2)S(1)S(3) unit whose atoms have the largest
deviation of 0.003 A from the least-square plane. Each
metal atom is chelated by a Et,dtc™ ligand and coor-
dinated by three inorganic S atoms to form a distorted
trigonal bipyramidal geometry. The Fe—S,,. bond
distance of 2.423(21) A (av.) is intermediate between
those of MoFe,;S,(Et.dtc); (2299 A) [5a] and
[MoFe,S,(Et,dtc)s] = (2.524 A) [Sa] implying that the
Fe mean oxidation state is intermediate between + 3
for the former and +2.67 for the latter. A similar
comparison with complex 2 which contains Fe™
atoms and Fe—S,, bonds of 2.321(18) A (mean)
shows also that compound 1 has three Fe atoms with
the mean oxidation state to be not higher than or near
to + 3. Mean Fe—S,,,. bond distance (2.276(16) A)
of 1 is longer than those of MoFe;S,(R dtc);
(2.223(16) A) [5a] and 2 (2.240(3) A) [8], supporting
also the evaluation of the above oxidation state for
Fe. The metal-metal distances in the VFe,S, core
range from 2.795(2) to 2.994(3) A showing obvious
intermetallic interactions. The M(1)—M(2) distance
of 2.834(3) A which represents the V—Fe distance is
comparable to the V—Fe distance [av. 2.780(6) A] [8]
in 2, while the Fe(1)—Fe(2) distance of 2.795(2) A is
also comparable to those of 2 [2.681(2) A] [8] and
MoFe,S,(R,dtc)s [av. 2.706(18) A] [Sa]. However,
owing to the disorder of the M sites, the structural
discussion could not be presented in further detail.

Infrared spectrum

In the low frequency region, the absorption in 330~
360 cm™! are assigned to Fe—S,, and V—S,.
vibrations [21]. In the 400-500 cm ™' region where the
M-—u,-S vibrations are expected [22], several weak and
wide absorptions with obscurity appear showing a
distinguishing characteristic of the VFe,S, cuboidal
core just like the IR spectrum of MoFe,S,(R,dtc); in
the same area [Sb].

NMR spectrum

'H and *'V NMR spectra are depicted in Fig. 2.
There are two types of Et,dic groups in the complex,
Et,dtcFe and Et,dtcV, corresponding to the two sets
of signals at 34.2 and 15.0 ppm, respectively, with the
intensity ratio of about 3:1 in the 'H spectrum. In
comparison with Et,dtcNa (J, ;: 3.99 ppm), the pro-
ton chemical shifts of the —NCH,— in ligands move
obviously to downfield indicating the paramagneticity
of the cluster. The "H NMR shift of Et,dtc associated
to the Fe site is consistent with that in compounds
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Fig. 1. ORTEP diagrams showing 50% probability ellipsoids for the anion {VFe;S,(Et,dtc),] ~ with numbering scheme.

Table 2. Selected bond lengths (A) for the [VFe;S,(Et,dtc),] -

anion

Fe(1)—Fe(2) 2.795(2) M(1)—M(2) 2.834(3)
Fe(1)—M(1) 2.988(3) Fe(2)—M(1l) 2.805(3)
Fe()—M(2) 2.814(2) Fe(2)—M(2) 2.994(3)

mean (Fe—M) 2.90(5)“
Fe(H)—S(1)  2.272(4) M(H—S(1)  2.335(3)
Fe(1)—S(3) 2.323(4) M(1)—S(2)  2.280(3)
Fe(1)—S4) 2.255(3) M(1H)—S(3) 2.355(4)
Fe(2)—S(2) 2.298(4) M(2)—S(1)  2.272(3)
Fe(2)—S(3) 2.213(3) M(2)—S(2) 2.323(4)
Fe(2)—S(4)  2.296(4) M(2)—S4)  2.369(4)
mean 2.276(16)¢ mean 2.321(16)¢
Fe(1)—S(31) 2.394(4) M(1)—S(11) 2.413(4)
Fe(1)—S(32) 2.473(5) M(1)—S(12) 2.513(4)
Fe(2)—S(41) 2.385(5) M(2)—S(21) 2.398(5)
Fe(2)—S(42) 2.441(5) M(2)—S(22) 2.586(4)
mean 2.423(21)° mean 2.478(44)"
S(11H)—C(10) 1.72(1) SGB1H—C@30) 1.72(1)
S(12)—C(10) 1.67(1) S(32)—C(30) 1.69(1)
S21H—C(20) 1.71(1) S(41)—C(40) 1.68(1)
S$(22)—C(20) 1.70(1) S(42)—C(40) 1.71(1)

mean 1.70(1)
C(10)—N(10) 1.34(2) C(30)—N(30) 1.33(1)
C(20)—N(20) 1.31(2) C(40)—N(40) 1.33(2)

mean 1.33(1)

Numbers in parentheses are estimated standard deviations
in the least significant digits.

“Standard deviation of the mean value is estimated from
o =[ZL, Xi-X)YNN-D]'~

with Fe''(Et,dtc) group, such as Fe,S,(Et,dtc), (6, 4
33.0 ppm, 95 5 : 2.2 ppm) [5a] and MoFe,S,(Et,dtc);
(G.31: 32.8 ppm) [Sa]. For the latter, its Fe'' spin
states of S = 1/2 have been determined [23], implying
that the Fe atoms of 1 may have low spin d° ground
state being used to the treatment of magnetic data
(vide infra). The general features of >V NMR shift
depend strongly upon the oxidation state and coor-
dination environment (ligands electronegativity and
coordination number, etc.) of the vanadium [24,25].
Compared to VS}~ (6 °'V: — 1388 ppm) [26] the five-
coordinate vanadium nucleus in complex 1 has a lower
oxidation state and larger shielding effect, giving rise
to the >'V absorption peak upfield at —210 ppm.
Although both 1 and 2 containing R,dtc and sulfide
ligating environment have closely related structures
and have near *'V NMR shifts (—391 ppm (8] for 2),
it is difficult to make a reasonable comparison because
of the difference between V nuclei of the two
complexes.

Mossbauer spectrum

Maossbauer parameters obtained by least-squares
fitting with the experimental absorption spectrum are
shown in Table 4 together with the data of other
related clusters containing metal atoms in the same
coordination environment. The solid M&ssbauer spec-
trum of cluster 1 shown in Fig. 3 consists of two
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Table 3. Selected bond angles (°) for the [VFe,S,(Et,dtc),]~ anion

S(1)—M(1)—S(2) 103.1(1)
S(1)—M(1)—S(3) 95.5(1)
S(2)—M(1)—S(3) 101.8(1)
S(H)—M(1)—S(11) 137.7(1)
S()—M(1)—S(12) 91.7(1)
S(2)—M(1)—S(11) 117.2(1)
S(2)—M(1)—S(12) 98.4(1)
S(3)—M(1)—S(11) 88.7(1)
S(3)—M(1)—S(12) 156.4(1)
S(1)—M(1)—S(12) 71.1(1)
$(1)—M(2)—S(2) 104.0(1)
S(H)—M(2)—S(4) 101.9(1)
S(2)—M(2)—S(4) 94.9(1)
S(H—M(2)—S(21) 118.1(1)
S(1)—M(2)—S(22) 96.5(1)
S(2)—M(2)—S(21) 135.8(1)
S(2)—M (2)—S(22) 93.1(1)
S(4)—M(2)—S(21) 89.2(1)
S(4)—M(2)—S(22) 157.5(1)
S(21)—M(2)—S(22) 70.6(1)
M(1)—S(1)—M(2) 75.9(1)
M(1)—S(1)—Fe(1) 80.8(1)
M(2)—S(1)—Fe(l) 76.5(1)
M(1)—S(2)—M(2) 76.2(2)
M(1)—S(2)—Fe(2) 75.6(2)
M(2)—S(2)—Fe(2) 81.0(1)
S(11)—C(10)—S(12) 115.5(7)
S(11)—C(10)—N(10) 121(2)

S(12)—C(10)—N(10) 123(2)

S(21)—C(20)—S(22) 115.3(7)
S$(21)—C(20)—N(20) 122.009)
S$(22)—C(20)—N(20) 122.7(9)

S(1)—Fe(1)—S(3) 98.1(1)
S(1)—Fe(1)—S(4) 105.6(1)
S(3)—Fe(1)—S(4) 101.9(1)
S(1)—Fe(1)—S(31) 115.2(1)
S(1)—Fe(1)—S(32) 96.6(1)
S(3)—Fe(1)—S(31) 87.1(1)
S(3)—Fe(1)—S(32) 158.1(1)
S(4)—Fe(1)—S(31) 136.1(1)
S(4)—Fe(1)—S(32) 89.6(1)
S(31)—Fe(1)—S(32) 71.9¢1)
S(2)—Fe(2)—S(3) 105.7(1)
S(2)—Fe(2)—S(4) 97.3(1)
S(3)—Fe(2)—S(4) 104.1(1)
S(2)—Fe(2)—S(41) 137.6(1)
S(2)—FE(2)—S(42) 89.8(1)
S(3)—Fe(2)—S(41) 114.1(1)
S(3)—Fe(2)—S(42) 97.0(1)
S(4)—Fe(2)—S(41) 86.9(1)
S(4)—Fe(2)—S(42) 154.9(1)
S(41)—Fe(2)—S(42) 72.0(1)
M(1)—S(3)—Fe(1) 79.4(1)
M(1)—S(3)—Fe(2) 75.7(1)
Fe(1)—S(3)—Fe(2) 76.0(1)
M(2)~—S(4)—Fe(1) 74.9(1)
M(2)—S(4)—Fe(2) 79.8(1)
Fe(1)—S(4)—Fe(2) 75.8(1)
8(31)—C(30)—S(32) 114.1(6)
S(31)—C(30)—N(30) 123.99)
S(32)—C(30)—N(30) 123(1)

S(41)—C(40)—S(42) 113.1(7)
S(41)—C(40)—N(40) 125.6(9)
S(42)—C(40)—N(40) 121(1)

Numbers in parentheses are estimated standard deviations in the least significant digits.
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Fig. 2. (a) '"H NMR spectrum of (Et,N)[VFe,S,(Et,dtc),] in
DMSO-d, solution at room temperature with the part of
Et,N* omitted. (b) °*'V  NMR spectrum of
(Et,N)[VFe;S,(Et,dtc),] in DMSO-d; solution at room tem-
perature with VOCI, as standard.

overlapping symmetric quadrupole doublets with iso-
mer shifts (IS) of 0.46(2) and 0.50(2) mm/s, qua-
drupole splittings (QS) of 0.99(2) and 0.62(2) mmy/s,
and absorption intensity ratio of 2:1 indicating that

two sets of Fe sites have a small inequivalence which
happens to be consistent with the disordered treat-
ment of the Fe/V atoms in the structure solution.

In comparison with compound 2 which has 5-coor-
dinate Fe"" atoms in a V,Fe,S, cuboidal skeleton, 1
has a somewhat larger IS value indicating that it has
a Fe mean oxidation state lower than Fe"'. Mean-
while, the IS values for 1 are intermediate between
those of [MoFe,S,(Et,dtc)s] ~ and [MoFe;S,(Et,dtc)s]
[5a], in which the Fe mean oxidation states range from
2.67+ to 3+, respectively. According to empirical
relationship IS = 1.902 —0.506X, which we have sug-
gested [8] to evaluate the Fe (mean) oxidation state
(X) in 5-coordinate FeS; sites containing R,dtc™
ligands (s), the Fe mean oxidation state in cluster 1
is deduced as X = 2.82. Similar formula for the 4-
coordinate Fe in tetrahedral FeS, sites has been pre-
sented by Holm and co-workers [4d,10b,28].

Mass spectrum

Fast atom bombardment mass spectrometry (FAB-
MS) was used to obtain the data of main fragments
containing metal ion and their relative abundances
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Table 4. Isomer shifts (IS, mm/s) and quadrupole splittings (QS, mm/s) of 5-coordinate Fe sites at 77 K for [VFe;S,(Et,dtc),] ~
and related compounds

Compound Oxidation state Is? Qs Ref.
[VFe,S,(Etydtc),] - < +3(2.82)¢ 0.46, 0.50 0.99, 0.62 this work
[V, Fe,S4(Me.dtc)s] +3(2.93) 0.42 0.23 (8]
MoFe,S,(Et,dtc)s +3(3.03) 0.37 1.36 [5a]
Fe,S,(Et.dtc), +3(2.95) 0.41 1.42 [5a]
[MoFe,S,(Et,dtc)s] - +2.67(2.69) 0.54 118 [5a]
[Fe,S4(PhS),(Etydtc) 2~ +2.5(2.49) 0.64 1.84 27]

“The data in the parentheses are deduced according to the eq. IS = 1.902 —0.506. {8].

®Relative to Fe metal at room temperature.

—

(=)

(=]
i

99 7
98

97
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96

-0.5 0 0.5 1.0 1.5
Velocity (mm/s)
Fig. 3. Massbauer spectrum of (Et,N)[VFe;S,(Et,dtc),] at

liquid-nitrogen temperature. Solid line represents the least-
squares fits for the experimental data.

referring to Et,N* (m/z 130) for the cubane-type clus-
ter (Et,N)[VFe;S,L,] (L = Et;NCS;) as shown in
Table 5. The breakdown of the cluster skeleton is
considered as the major cleavage process indicated by
the occurrence of fragments ions {Fe;S,L;]* (m/z 740),
[Fe,S;Li]t  (m/z  708), [Fe;SL,)*t (m/z 592),
[Fe,S,L}t  (m/z  536), [Fe,S;L,)t (m/z 504),
[Fe,S,L,1* (m/z 472), [Fe,S,L]* (m/z 324), [Fe,SL,]*
(m/z 440), [Fe,L,]* (m/z 408) and FeL7 (m/z 352), of
which the last one is the metal fragment of the highest
relative abundance. Some ion spices retaining VFe,S,
skeleton, such as [VFe,;S,L(NBA),]* (m/z 951) and
[VFe,S,L(NBA)]* (m/z 647) have been observed
showing a process of the substitution [29] of
Et,NCS; by the matrix molecules NBA and sub-
sequent loss of m-nitrobenzylalcoholate.

+3NBA

[VFe;S,L,]" —— [VFe,S,L(NBA);]"
(m/z939) mi=951)
“SNBAT [VFC3 S4L(NBA)] *

(mfz647)

The peak of the cluster ion [VFe;S,L,]" (m/z 939) was
not observed showing its low stability in the positive

Table 5. The main metal-containing fragment ions and their
relative abundance in the positive ion FAB mass spectrum
of cluster the (Et,N)[VFe,S,(Et,dtc),] using the matrix NBA

lon m/z  Relative abundance
{(Et,N)[VFe;S,Ly]} *“ 1069 unobserved
[VFe,S,L* 939 unobserved
[VFe,S,L(NBA),] ** 951 0.33
[VFe,S,L(NBA)]* 647 0.73
[VFe S;L(NBA)}* 615 0.68
[Fe,S,Li]* 740 0.26
[Fe,S,L,]* 592 0.24
[Fe,S;L,1 708 0.13
[Fe,S,L,0"* 536 0.15
[Fe,S;L )" 504 0.21
[Fe,S,L,]* 472 0.21
[Fe,S,L]* 324 0.74
[Fe,SL,]* 440 0.17
[Fe,L,]* 408 0.41
[FeL,]* 352 9.39
Et,N* 130 100

‘L = Et,NCS;5 .

*NBA = m-NO,C,H,CH,O".

FAB-MS. However the peak of cluster anion
[VFe,S,L,]~ has been obtained in the negative FAB
mode.

Magnetic properties

Magnetic susceptibility data for the solid sample of
1 were collected in the temperature range 1.5 ~ 300
K, as shown in Fig. 4. With the rising of temperature,
the magnetic moments of the cluster rise quickly in
the range 1.5-24 K and then rise slowly beyond 24 K,
implying that a weak antiferromagnetic spin-exchange
interaction is operating in the molecule. In order to
understand quantitatively the magnitudes of spin-
exchange interaction between the magnetic centers,
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Fig. 4. Experimental molar susceptibility (x,, ll) and effect
magnetic moment (u.; A) of temperature dependence for
(Et,N)[VFe,S(Et,dtc),]. The solid line () represents the
respective calculated values.

the spin system in [VFe,S,] cubane-like cluster can be
modeled as the following scheme.

Fe(3)
N .
V!o) !

Fe(l)éj—J\Fe(z)

Thus the spin Hamiltonian appropriate for the mag-
netic exchange interaction in the VFe, coupling system
is presented as the following equation.

H= -2j(S,8,+S5, S, +5,55)
—2J(S$, S+ $,8,+ S Sy)

where §; is the spin angular momentum operator for
the magnetic centers M (i), j and J are exchange coup-
ling constants between Fe atoms and between V and
Fe atoms, respectively, characterizing the exchange
interaction. On the basis of 3Fe™+ V" oxidation
states, which may be a more reasonable choice than
that of 2Fe™+ Fe"+ V™ according to above-men-
tioned discussion, three Fe'™ sites are supposed to be
in a low spin state of S; = S, = S; = 1/2 and the V"
site in a high spin state of S, = 3/2. By applying the
Van Vleck Equation [30], the following molar sus-
ceptibility expression for the coupling system
VFey(S) =8, =8, =1/2, S,=3/2) can be easily
obtained

_ 2Ng2ﬁ2
Am = XT

3
B
where
A = 144-5exp(—6J/KT) +exp(— 10J/KT)

+ 10exp((—3J—3/)/KT) +2exp((—7J—3/)/KT),

B =74 5exp(—6J/KT)+3exp(— 10J/KT)
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+exp(— 12J/KT) + 10 exp((— 3J— 3/)/KT)
+6exp((—7J—3/)/KT)

and each symbol has its usual meaning.

The experimental data and the theoretical fitting
results of the molar magnetic susceptibility (y,,) versus
temperature (7) ranging from 24 to 300 K are
depicted in Fig. 4, giving J = —4.12cm ™!, j = —5.82
cm™', g =2.02 and F = 4.9 x 10~* which is defined as
z:[(X,M)obs—'(X.M)c:alc]z/(X,M)obs- The results (J or ] <0
and |J| or |j] is small) indicate the existence of a weak
antiferromagnetic spin interactions between V! and
Fe'" and between Fe'! atoms. The data below 24 K
were not treated because the effect of zero-field split-
ting and intermolecular interactions become signifi-
cant.
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