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The synthesis and structural characterization of the novel
[Mn!1V,0,(N,Nbispicen),](ClO4)3:CH3CN  complex  em-
ploying the tetradentate ligand N,Nbispicen = N,N-bis(2-py-
ridylmethyl)-1,2-diaminoethane are reported. Magnetic pro-
perties were determined and show that the ground state is a
spin doublet. This can be quantitatively interpreted by anti-
ferromagnetic coupling between a Mn(Ill) high spin and a
Mn(IV) (J = —316 cm™!). The 16 line solution EPR spectrum
exhibits an unusual splitting in the low field resonances.The
following rhombic tensors were needed to simulate the EPR
spectrum: [A;4] =160 1074 cm™?, |A;y| =144 1074 ecm ™, |Ay,] =
109 1074 ecm™?, |Ag] = 69 1074 cm™?, |Ay| = 72 107* cm ™1,
|As,l = 751074 cm™?, gy = 2.001, gy = 1.996, g, = 1.984. The
classical ligand field theory of local [¢g"] and [¢g'V] tensors
implemented with the first order perturbation theory to de-
scribe the properties of the pair does not result in a satisfying

description of the [g'/?] tensor unless a large reduction in the
spin-orbit constant is invoked. A simplified version of sec-
ond-order perturbation theory leads to effects in qualitative
agreement with experiment but weak as expected from the
large |J| value. The magnitude of these effects depends, how-
ever, on the anisotropy effects on each Mn ion. It is suggested
that determination of the anisotropy of the magnetic proper-
ties of the monomeric Mn(IIl) and Mn(IV) moieties would be
a valuable goal for a future study of these mixed valent di-
manganese-di-pu-oxo complexes. The complex exhibits two
quasi-reversible waves in the cyclic voltammogram, one at
E,/, = 0.18 V vs SCE for the III/IV o III/III couple and the
other at E;/, = 0.98 V vs SCE for the III/IV « IV/IV couple.
The UV-Vis spectra of the three redox states have been re-
corded spectroelectrochemically.

During the last twenty years, several di-p-oxo dimanga-
nese complexes have been structurally characterized. There
is still a continuing interest in these compounds due to their
relevance to the water-oxidizing enzyme in photosystem
IIMPI and their redox catalytic properties, as shown with
the mixed-valent complex [Mn,O,(bpy),]** B4 and its
1,10-phenantroline analogue.*! Similar complexes using lin-
ear tetradentate ligands like N,N'-bis(2-pyridylmethyl)-1,2-
diaminoethane (bispicen)! have been prepared in order to
study their redox properties in relation to their structures. !
We report herein the synthesis and characterization of a
new dinuclear mixed-valence di-p-oxo manganese complex
with the tetradentate ligand N,N-bis(2-pyridylmethyl)-1,2-
diaminoethane (,Nbispicen), an isomer of bispicen which
presents a tertiary amino group as well as a primary amino
group instead of the two secondary amino groups in bi-
spicen. N,Nbispicen is thus a tripodal ligand similar to
tris(2-pyridylmethyl)amine (TPA)®! and tris(2-aminoethyl)-
amine (tren)! as shown in Scheme 1.
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The N,Nbispicen ligand has recently been used in the
preparation of Fe(Il) spin transition systems.['%) Unexpec-
tedly the two primary amino groups of the two NV, Nbispicen
ligands in the [Mn,O,(N, Nbispicen),]>* cation studied here
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were found in a “cis” configuration relatively to the Mn,O,
diamond core. This unusual feature gives the potential to
assemble two such dimanganese complexes in a dimer of di-
mers.

Results and Discussion

Structure: The structure of the [Mn,O,(N, Nbispicen),]> "
cation is represented in Figure 1. This cation contains a
dimanganese-di-p-oxo unit which presents no axis of sym-
metry. The geometry about each manganese center is ap-
proximately octahedral, with ligating atoms from the two
oxo bridges and the four nitrogen atoms from the N,Nbis-
picen ligand. The Mn—Mn distance is 2.646(2) A, which is
comparable to the value found in dimanganese(IIL,IV)-di-
p-oxo complexes previously reported. CIBIPININ2 The two
primary amino groups from the two N,Nbispicen ligands
are situated in the same half-space delimited by the Mn,0,
plane. This arrangement is probably due to a combination
of two different effects. Firstly, a network of hydrogen
bonds can be identified involving both NH, groups and the
two ClO,~ anions as represented in Scheme 2.

Figure 1. ORTEP diagram of the [Mn,O,(N, Nbispicen),]*" cation

with thermal ellipsoids at 50% probability; the atom labels are

shown for only one chemically symmetrical part of molecule; the
labeling of the Part A and Part B of molecule are similar
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This network can be described as a cycle made of 2 Cl,
20 N,40 apd 4H atoms. The fourodistances O—N are 3.153
A, 2964 A, 2951 A and 3.193 A, all consistent with the
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presence of H bonds. Secondly a m-m interaction between
the two pyridine groups appears to participate in the stabi-
lisation of this structure. The shortest distance is that be-
tween the carbon atoms C10 and C10" which is equal to
3.291 A. The N2—N2’ distance is 3.412 A.

The inequivalence between the Mn(IV) (Mn) and
Mn(III) (Mn’) ions is easily recognizable from the bond dis-
tances (Table 1). The Mn equatorial pyridine distances
Mn—NI1 and Mn'—N’l are, respectively 2.036(5) A and
2.057(5) A and the Mn-equatorial tertiary amine distances
Mn—N3 and Mn'—N'3 are respectively 2.069(5) A and
2.121(5) A. These distances are less sensitive to the oxi-
dation state of manganese than the axial ones. The Mn ax-
ial pyridine distances Mn—N2 and Mn'—N'2 are respec-
tively equal to 2.015(6) A and 2.238(6) A and the axial Mn
primary amine distances Mn—N4 and Mn’'—N4’ are
respectively 2.047(5) and 2.283(6) A. This is in agreement
with a d,*d,» configuration for the Mn(III) ion (with the z
axis perpendicular to the Mn,O, plane).['?l An antibonding
molecular orbital which is half occupied for the Mn(III) ion
and empty for the Mn(IV) ion results fom the interaction
of the d,. orbital with the o orbitals of the axial pyridine
N2 atom and the axial primary amino-group N4 atom. In
previous studies it has been found that the average axial
Mn(III) primary amine distance is 2.276 APl in
[Mn,O,(tren),]>* and the average axial Mn(IIl) pyridine
distance in [Mn,O,(TPA),J]>* is 2.233 A.[ These distances
are similar to those found here.

Selected bond lengths (/o\) and angles (deg) for
[Mn!"LIY,0,(N, Nbispicen),](Cl0,4);:CH;CN

Table 1.

Bond lengths

Mn—-0O 1.783(4) Mn'-0O 1.836(4)
Mn-0O’ 1.788(4) Mn'—-0O’ 1.838(4)
Mn—N(1) 2.036(5) Mn'—N(1") 2.057(5)
Mn—N(2) 2.015(6) Mn'—N(2') 2.238(6)
Mn—N(3) 2.069(5) Mn'—N(3") 2.121(5)
Mn—N(4) 2.047(5) Mn’'—N(4') 2.283(6)
Mn--Mn' 2.646(2)

Bond angles

O—Mn-0’ 87.6(2) O—Mn'—N(1") 174.7(2)
O—Mn—N(2) 96.6(2) O'—Mn'—N(1") 97.6(2)
O'—Mn—N(2) 95.0(2) O—Mn'—N(3) 96.8(2)
O—Mn—N(1) 94.7(2) O’'—Mn'—N(3’) 174.1(2)
O'—Mn—N(1) 177.2(2) N(')—Mn'—-N@3') 81.6(2)
N(@2)—Mn—N(1) 86.2(2) O—Mn'—N(2") 95.3(2)
O—Mn—N(4) 100.92) O'— —N(2") 98.9(2)
O'—Mn—N(4) 89.5(2) N(")—Mn'—-N(2') 89.2(2)
N(2)—Mn—N(4) 162.02) N(3')—Mn'—N(2') 75.3(2)
N(1)-Mn—N(4) 88.5(2) O—Mn'—-N(4") 88.6(2)
O—Mn—N(3) 174.3(2) O'—Mn'—N(4’) 106.7(2)
O'—Mn—N(3) 96.3(2) N(')—Mn'-N@') 86.1(2)
N(2)—Mn—N(3) 79.0(2) N@3')—Mn'-N@#') 79.1(2)
N(1)-Mn—N(3) 81.5(2) N(@2')-Mn'-N@') 154.4(2)
N(4)—Mn—N(3) 83.2(2) Mn—O—Mn’ 94.0(2)
O—Mn'-0’ 84.6(2) Mn—O'—Mn’ 93.7(2)

This structure can be compared in more general terms
to the numerous examples already reported containing the
[Mn,O,]** core. CITIBIPIIZINEIN4 The difference between
the average Mn—N(axial ligand) distances around both Mn
ions reflects the asymmetry in electron distribution between
the two Mn ions.[®! Here the value is 0.230 A, which is com-
parable to that found for [Mn,O,(bisimMe,en),]** (0.204
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A).I"2 In summary the [Mn,O5(N,Nbispicen),]>* cation is
a new example of a complex of this family where the val-
ences are profoundly differentiated.

Magnetic Susceptibility: The molar magnetic suscepti-
bility yn of ground crystals of [Mn,O,(N,Nbispicen),]-
(Cl04)3.CH;CN was measured as a function of the tem-
perature 7. The results are shown in Figure 2 in the form
of the ymT versus T plot.

Figure 2. Product of the magnetic susceptibility per mole by tempe-

rature for [Mn,O,(N,Nbispicen),](ClO4);.CH3CN; the solid line
was generated by the best fit parameters given in the text
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ymT decreases from 0.64 cm®mol 'K at 292 K to a pla-
teau at 0.38 cm>mol~'K around 60 K. This is characteristic
of an antiferromagnetic coupling between the electronic
spins of the Mn(III) and Mn(IV) ions which produces a
spin S = 1/2 ground state. This coupling is expressed by the
Heisenberg hamiltonian = —J S;-S,.The susceptibility was
calculated according to:

T = (NB2g23K)(ZS(S + 1)(2S + 1)
exp[J(S(S + D/2kD/EQ2S + DexplJ(S(S + 1)/2kT)]

The best fit was obtained with g = 2 (kept constant) and
J = =316 cm~!. This value is close to that found for
[Mn,O,(bispicMe,en),](Cl04);.H,O (J = —320 cm™Hlll
and [Mn,0,(bpy)4](Cl0,)3.2H,0 (J = =300 + 14 cm™H[13]
but clearly smaller than that of the strongest antiferromag-
netic couplings, J down to —544 cm~!, found in some
[Mn,O,L,]** complexes ( L representing a tetradentate li-
gand of the bispicen family) of refl’), for which unfortu-
nately no structural data is available.

EPR Spectrum: The EPR spectrum of
[Mn,O,(N,Nbispicen),]** was recorded at 10 K in aceto-
nitrile (Figure 3a). As a first approximation this spectrum
can be described as containing 16 lines, as previously ob-
served for related complexes. Actually one may observe on
closer inspection that the two lowest field lines are split.
To our knowledge this feature is not generally observed in
dimanganese (III,IV)-di-p-oxo units. Another example can
be found in the published spectrum of [Mn,O,(TPA),]**
although this was not commented upon by the authors.['®
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It should be noted that the topologies of both complexes
are similar. A simulation (not shown) with an axial con-
straint was first achieved with the following parameters:
|[A1y| = 148:107% ecm™!, [41,] = 106:107% cm™!, |Ayy| =
72:107* em ™!, [4,,] = 72:107% em™!, g, = 1.999, g, =
1.984. The tensors were taken parallel to each other. The
agreement factor R was found equal to 0.06. An improved
simulation with R = 0.02, (Figure 3b) was obtained by let-
ting the tensors become rhombic (but parallel): |4, =
160-107* em™', [4,,| = 14410~* em™!, |4, = 109-10~*
em L Ayl = 69107 em ™!, |4y = 72:107 em ™!, [4,,| =
75:107% em ™!, g, = 2.001, g, = 1.996, g, = 1.984, g5, =
1.994 with a line width equal to 11 G. This new set of values
reproduced the splitting in the two lowest field lines men-
tioned above. It can be observed that the [Mn,O,(tren),]>*
does not present this low-field feature although the ligand
is also of the tripodal type. However the structure of this
dimer is quite different, with the ligand bridging the two
metal ions.?!

Figure 3. X-band cw-EPR spectrum of [Mn,O,(N,Nbispicen),]>*
in an 0.1 M NBu4ClO, acetonitrile solution. Spectrometer setting:

modulation amplitude, 1.91 G; T = 10 K; v = 9.4384 GHz; (a)
experimental spectrum; (b) simulated spectrum

lll!||l|l|ll||l

(a)

=

(b)

(ks

I Y SR AR A
3000 3500 4000
H G)

In general the spectra of the Mn(IIT)Mn(IV) pairs have
been simulated using axial g and A tensors.PIU2N7T A
rhombic  simulation  has  been  proposed for
[Mn,O,(bpy) > T18 (1.998, 1.992, 1.982, iso: 1.991). A
3>Mn ENDOR study of the same compound has used axial
hyperfine tensors.[!”? An X and Q band EPR and **Mn EN-
DOR study of [(TACN)MnO,(CH;CO,)Mn(TACN)]2+ (19
has lead to rhombic tensors, in particular g = 2.000, 1.998,
1.984, iso: 1.994. The expression for a rhombic g tensor for
Mn(I1I) has been given in reff?%

ge = 2 — 2(MA)(cosd — V3sind)?
g = 2 — 2(MA)(cosd + V3sind)? )
g, = 2 — 8(MA)(cosd)?

where A is the spin orbit constant, A the energy gap be-
tween the “t,,” and the “e,”-like orbitals and 6 a parameter
reflecting the composition of the ground state as |b> =

723
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>>. It is also

cosd |dydy,dyd,2> + sin 8 |dy,dy,dgde-ye
known that for the ground state of an antiferromagnetically
coupled Mn(III)Mn(IV) pair one has

("7 = 2[¢" — [¢"] 2

The anisotropy of [glll] (gperpendicularlu = l990a g//III =
1.960 for an elongated Mn(I1I) complex)?!l is larger than
that of [gIV] (gpfsrpendicularIV = 1991> g//IV = 1.995 for
Mn(IV) in TiO,).[??! Initially assuming [g"V] = ¢g"V is iso-
tropic, the three parameters 8, M/A and g' can then be ad-
justed to reproduce the g values obtained. One finds & =
8.14° (cos 6 = 0.9899, sin & = 0.1416), MA = 0.0012875,
and g'V = 1.996. Consequently the system would be largely
described by the Id,d,,d.,d,>> wave function on Mn(III).
From the type of distorsion observed in the structure it is
tempting to consider the EPR z axis parallel to the axis of
elongation observed in the structure. Although the g™ and
6 values seem reasonable, the A/A ratio is smaller than ex-
pected. Indeed using A = 88 cm™! for the free Mn(III)
ion,?% one gets A = 68000 cm™! which is too large a value.
This straightforward approach is thus not satisfying.

If isotropy for [g'V]is not assumed, the following general
expression, deduced from equations 1 and 2, can be used
to estimate A/A.

gisoll2 =4 - 80‘/A) - glviso (3)

For instance with the value g'WV, = 1.992 for Mn(IV)
in TiO,?? and A = 88 cm ™!, one finds A = 50300 cm ™!
which is still unlikely. The A value can be decreased by tak-
ing into account a reduction of A reflecting covalency ef-
fects and decreasing g"Vis.

One may wonder if eq 2 is fully appropriate and if the
extra terms due to anisotropy effects discussed by Zheng et
al.l'8 play a role. These terms are due to the perturbation
of the spin doublet ground state by the excited spin levels.
These effects have been studied for Fe(II)Fe(III) dimers in
refl?3l and®4. For the spin doublet ground state of an
Mn(IIT)Mn(IV) pair one obtains the following modification
of eq 2.

(8" = 2[¢"] — [g"] + (2/5) ([g" — [g™D (7[D"] +
2[DY) 2/=D) (4)

Due to the large value of J, the correction introduced is
expected to be small. Preliminary calculations for an elon-
gated MH(III) system (AgIH = gperpendicularIH - g//III =
6M/A > 0, D! < 0) and assuming an isotropic Mn(IV) ion
(DY = 0), show that

giso? = 4 = 8(MA) — gWio + (2/5)(14D"M/3(=D)(=2/3)(6MA) (5)

For D' < 0, this indeed decreases the computed value
for A by an amount proportional to D' (1.6% for D' =
—5cm™!, 3.1% for D™ = —10 cm™!). Due to the large J
value as said above, this effect is weak unless the anisotropy
energies be large. Nevertheless we feel that this problem has
to be studied in more details for the following reasons.
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Little is known about the zero-field splitting energy value
for Mn(III) and Mn(IV) ions in these dimers. It could well
be that the zero-field splitting energy value for Mn(I1I) is
substantial in these dimers due to a mixing of the 3T, state
into the E ground state of the Mn(III) ion, an effect shown
recently by Caneschi et al. in a Mn(I1I) monomer.?!1 Exam-
ination of the Tanabe-Sugano diagram for a d* ion shows
that for a strong ligand field the 3T, state comes close to
the °E ground state as one could sensibly predict in the case
of dimers with nitrogeneous ligands. The properties of the
Mn(IV) moiety also certainly deserve to be studied. In sum-
mary we propose that in order to understand in depth the
electronic structure of these dimers, a better knowledge of
the monomeric moieties has first to be achieved.

As for the A values, the [4"] presents the usual aniso-
tropy with the lowest absolute value along the axis corre-
sponding to the lowest g value (z) and the highest absolute
principal value of the [4"] tensor along the same axis.[!”]

Redox  Properties: The cyclic voltamogram  of
[Mn,O,(N,Nbispicen),]** obtained in acetonitrile is shown
in Figure 4. It shows two quasi-reversible waves, one at 0.18
V and the other at 0.98 V vs SCE. The E;,, value of 0.18 V
corresponds to the one-electron couple II/IV « III/III,
while that at 0.98 V represents the couple III/IV o IV/IV.
Those two potentials are very similar to those previously
reported for similar complexes with tetradentate ligands.*]

Figure 4. Cyclic voltammetry of [Mn,O,(N,Nbispicen),]-
(ClOy4)3.CH;CN in acetonitrile, with 0.1 M (TBA)CIO, as suppor-
ting electrolyte; potentials are referenced vs SCE
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UV-Vis Spectroelectrochemistry: The spectrum of the
[Mn,O,(N,Nbispicen),]** complex as recorded in aceto-
nitrile, is shown in Figure 5. It is comparable to those pre-
viously described for analogous dimanganese (ITI,IV)-di-p-
oxo units, the characteristic parameters of which have been
summarized in reft?’l, It consists of a shoulder in the UV
region and two bands of medium intensity in the visible
region, which can be attributed as follows®: the 433 nm
(1080 M~ 'cm™!) band corresponds to a mixed contribution
of Mn(IV) oxo LMCT and Mn(IV) d-d transitions, that at

Eur. J. Inorg. Chem. 1998, 721727
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Figure 5. Visible spectroelectrochemistry of the mixed-valent com-

plex [Mn,O,(N,Nbispicen),](ClO,);-CH;CN in acetonitrile: ()

no potential applied; (—-—) oxidation at +1.14 V/SCE; (---) reduc-
tion at —0.13 V/SCE
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555 nm (511 M~ lem™!) to a Mn(IV) d-d transition and that
at 654 nm (450 M~ 'em ™) to Mn(IV) oxo LMCT.

After oxidation at +1.14 V/SCE, the spectrum of the
Mn(IV)Mn(IV) form was obtained. The intensity of the ab-
sorption at 433 nm increases dramatically. This can be
understood on the basis of the oxidation of the Mn(I1I) ion
to Mn(IV). Apparently the Mn(IV) d-d band has shifted
from 555 to 528 nm and its intensity has increased to 657
M~ 'em~!. The band at 654 nm shifts to higher energy (637
nm) and also increases in intensity (592 M~ 'em™!). This is
in agreement with the attribution of such a band to an oxo
Mn(IV) LMCT. After electrolysis at —0.13 V/SCE, a large
decrease in the intensity of the spectrum is observed. Fea-
tures at 661 (213 M~ lem™1), 556 (274 M~ lem ™D and 443
nm (595 M~ !cm™!) are detected. At this potential, the
Mn(IIDMn(III) form is obtained. The modifications de-
scribed above are reversible by varying the potential applied
appropriately. The observations reported above are very
similar to those made by Brewer et al.?”l on [Mn,O,(14-
aneNy),]>* where 14-aneN, stands for 1,4,8,11-tetraaza-
cyclotetradecane.

Conclusion

We have characterized a new di-p-oxo bridged mixed val-
ence manganese complex employing the tetradentate ligand
N,Nbispicen. The structure of the Mn(IIT)Mn(IV) complex
has been resolved. Unexpectedly, the two primary amino
groups from the two N,Nbispicen ligands of the complex
are situated on the same side of the space delimited by the
Mn,O, plane. Electronic, magnetic and redox properties
have been reported. The EPR spectrum presents splitting of
the resonances at low field which are most probably due to
the thombicity in the [A"'] tensor. We remarked that the
usual theory of the [g] tensor is not satisfactory unless A is
much reduced. We propose that second-order perturbation

Eur. J. Inorg. Chem. 1998, 721727

by excited spin levels on the spin doublet ground state, of
the type described by Sage et al. for Fe(IT)Fe(III) complexes
and by Zheng et al. for Mn(II[)Mn(IV), could lead to a
better description if the zero-field splitting energy in those
systems is important. Measurement of this energy by mag-
netization study and high-field EPR will be undertaken in
a near future on the monomeric moieties corresponding to
these dimers. The opportunity to use the two amino groups
from the two N,Nbispicen ligands in order to link two di-
nuclear complexes to form a tetranuclear complex will be
explored.

This work has been supported in part by the European Training
and Mobility of Researchers “Ru-Mn Artificial Photosynthesis”
program (contract EU HMC network ERBXCT 94 0524).

Experimental Section

Compound Preparation: All chemical reagents were supplied by
Aldrich and used without further purification. The ligand N,N-
bis(2-pyridylmethyl)-1,2-diaminoethane (abbreviation: N, Nbisp-
icen) was prepared by following the procedure in refl?®]. This ligand
has also recently been described in refl1%l,

Caution: Perchlorate salts of compounds containing organic li-
gands are potentially explosive. Only small quantities of those com-
pounds should be prepared and handled behind suitable protective
shields.

[Mn"1V,0,( N, Nbispicen),](ClO,);- CH;CN: 190 mg of
N, Nbispicen (0.785 mmol) were dissolved in 4 ml of absolute etha-
nol. To this solution 210.5 mg of Mn(O,CCH;);.2H,O (0.785
mmol) were added. After stirring for 1/2 hour, the resulting brown
solution was filtered, and to the filtrate was added an absolute etha-
nol solution (4 ml) of NaClO4H,O (220.5 mg, 1.57 mmol). A
brown microcrystalline solid started to precipitate immediately. The
solid was collected by filtration, washed thoroughly with absolute
ethanol and dried under vacuum. The elemental analysis corre-
sponds to a Mn(I)Mn(III) dimer [Mn,O(N,Nbispicen),]-
(ClOy4)>'1.3H,0°1.3C,HsOH. This powder was EPR silent. —
C30.6H464ClbMn,NgO 1560 caled C 40.43, H 5.11, Cl 7.82, Mn
12.11, N 12.33; found C 40.48, H 5.00, C1 7.84, Mn 12.11, N 12.01.
Dark  single  crystals  characterized as  [Mn!"MV,0,-
(N, Nbispicen),](Cl04);:CH;CN were grown by slow diffusion of a
mixture of CH,Cl,-CHClI; (1:1) into a concentrated solution of the
powder in CH3CN under air. — C3qH39ClsMn,;NgO 4 caled C
37.30, H 4.07, C111.01, Mn 11.39, N 13.05; found C 37.47, H 3.94,
C110.95, Mn 11.38, N 13.0. — IR: ¥ = 3429 (br) cm™!, 1607 (s),
1571 (w), 1480 (m), 1466(m), 1444(m), 1292 (m), 1144 (w), 1091
(vs), 766 (m), 697 (m), 660 (m), 625 (s). Symbols: br broad; vs very
strong; s strong; m medium; w weak; sh shoulder. The single crys-
tals of [Mn""MIV,0,(N,Nbispicen),](ClO,);"CH;CN were used for
all subsequent physical measurements.

Electrochemical Measurements: Cyclic voltammetry was meas-
ured using a EGG PAR potentiostat (M 273 model). The working
electrode was a Pt disk of 3 mm diameter, carefully polished with
diamond pastes and ultrasonically rinsed in ethanol before use. A
Pt wire was used as counter electrode and as reference, a Ag/
AgClO, electrode, prepared in acetonitrile and separated by a frit-
ted disk from the main solution (270 mV above the potential of the
saturated calomel electrode). The experiment was carried out on a
carefully degassed solution by argon flushing.

Magnetic Susceptibility Measurements: Magnetic susceptibility
measurements in the 4.2—300 K temperature range were carried
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out with a MPMSS5 SQUID magnetometer (Qantum Design Inc.).
The calibration was made at 298K using palladium reference
sample furnished by Quantum Design Inc. Ground crystals of
[Mn!LIV,0,(N, Nbispicen),](ClO,);.CH;CN were used.

Crystallographic Data Collection and Refinement of the Structure
of [Mn'"1V,0,(N,Nbispicen),](CIO,);- CH;CN: The crystal data
of [Mn!"V,0,(N, Nbispicen),](ClO4);*CH;CN and the parameters
of data collection are summarized in Table 2. A prismatic black
crystal with the dimensions 0.9 X 0.25 X 0.15 mm was mounted
in a glass capillary with 0.5 mm diameter. The unit-cell and inten-
sity data were measured with an Enraf-Nonius CAD-4 dif-
fractometer with graphite monochromated Mo-K, radiation (A =
0.71073 A). The cell constants were obtained by least-squares pro-
cedures based upon the 20 values of 25 reflections measured in the
ranges 20.8° < 20 < 21.6° at ambient temperature. All reflection
intensities were collected in the range 4° < 20 < 50° within [—19
=h=19, —13 = k = 13,0 = [ = 29]. The total number of the
collected and independent reflections are 16114 and 7870. Due to
the peculiar form of the single crystal an empirical absorption cor-
rection was carried out. The structure was solved by direct methods
with the program SHELXS86[! and refined by using the
SHELXL93B% programs. The figure was prepared with ORTEP
I1.131 The molecular cation was located in a general crystallo-
graphic position as well as three perchlorate anions and the mol-
ecule of acetonitrile. Observed disorder in the stucture involved the
anions; all were disordered over two sites with non-identical occu-
pations (0.60 and 0.40). The stucture was refined by full-matrix
least-squares approximation based on F2. Refinement was aniso-
tropic for non-H atoms. Hydrogen positions were calculated by as-
suming geometrical positions and were included in the structural
model (In addition, a cluster of electron density with seven different
peak positions was found and these were not identified). Final re-
finement of this model was continued until convergence when R1 =
0.066 for F?>>20(F?) and R, = 0.242. The final difference map
showed two largest residual peaks of 0.68 and —0.66 eA 3. Crystal-
lographic data (excluding structure factors) for the structure re-
ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC-
100897. Copies of the data can be obtained free of charge on appli-
cation to The Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK [Fax: (int. Code) +44(1223)336-033, E-mail: deposit@-
chemcrys.cam.ac.uk, World Wide Web: http://www.ccdc.cam.a-
c.uk].

Table 2. Crystallographic data for [Mn'""IV,O,(N,Nbispicen),]-
(C104)3 : CH3CN

Formula Mn,C,3H36N3Cl30,4,-CH;CN
fw 965.93 .
Radiation Mo-K, (0.71073 A)
Temp (K) 293

Space group P21/c

a(A) 16.511(9)

b (A) 11.113(5)

c(A) 24.55(2)

a (deg) 90

B (deg) 91.33(8)

Y (deg) 90

V (A°) 4503(5)

VA 4

p (mm™1) 0.818

Nmeas 16114

Nobs 7870

R 0.066

R, 0.242
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EPR Spectroscopy: EPR spectrum was recorded on Bruker ER
200 D spectrometer at X-band. For low temperature studies, an
Oxford Instruments continuous flow liquid helium cryostat and a
temperature control system were used. In order to get a good qual-
ity glass a 0.1 M solution of NBuyClO, in acetonitrile was used
as solvent.

EPR Simulation: Simulation of the EPR spectrum was per-
formed using a FORTRAN program originally developed by Drs
L. K. White and R. L. Belford at University of Illinois. The pro-
gram simulates powder spectra for S = 1/2 systems and can include
four different hyperfine interactions using perturbation theory. It
was modified to allow for calculation of the hyperfine contributions
to the spectra to the second order.3?! Briefly, for each transition,
the resonant field was calculated using perturbation theory up to
the second order for the hyperfine coupling terms and the resulting
stick spectrum was then convolved with Gaussian functions. This
simulation program is coupled to a minimization program in order
to find the set of parameters giving the lowest possible value of the
agreement factor defined as R = Zj(Y¢ — Y ;&P)2/Z,Y P 2,

11V, K. Yachandra, K. Sauer, M. P. Klein, Chem. Rev. 1996, 96,
2927-2950.

21 'W. Riittinger, G. C. Dismukes, Chem. Rev . 1997, 97, 1—-24.

31" Abbreviations used: bispicMe,en = N,N’-dimethyl-N,N’-bis(2-
pyridylmethyl)ethane-1,2-diamine; bpy = 2,2’-bipyridine; bi-
simMe,en = N,N’-Dimethyl-N,N’-bis(imidazol-4-ylmethyl)e-
thane-1,2-diamine); N,Nbispicen = N,N-bis(2-pyridylmethyl)-
1,2-diaminoethane; TPA = tris(2-pyridylmethyl)amine; tren =
tris(2-aminoethyl)amine.
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