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The new trinuclear cluster M I I " ~ ( C H ~ C O ~ ) , ( ~ ~ ~ ) ~  has been synthesized, and its crystal structure was determined. It crystallizes 
in the triclinic system, space group PI, with a = 12.849 (4) A, b = 9.790 (3) A, c = 8.187 (2) A, a = 108.50 ( 2 ) O ,  f l  = 96.69 
( 2 ) O ,  y = 106.41 ( 3 ) O ,  2 = 1, and V = 912.5 (5) A3. The structure was solved and refined by using 2071 reflections with I 1  
2.5u(1) collected in the range 2" 5 0 5 2 5 O .  Final values of conventional indices R and R, were 5.1% and 4.8%, respectively. 
The structure consists of linear trinuclear molecules; each pair of manganese atoms are bridged by three acetato groups, two of 
them acting as bidentate bridges and a third one bridging by one oxygen atom only. The central manganese has a coordination 
sphere made of six oxygen atoms from six different acetato groups, and the terminal ones have a distorted environment of four 
oxygen atoms and two nitrogen atoms that come from a bipyridine molecule. The molar magnetic susceptibility xM has been 
investigated as a function of temperature T. The xYT product is equal to 11 3 7  om3 mol-' K at 285 K and decreases to 4.32 cm3 
mol-l K at 4.2 K. The data have been fitted with an expression for the magnetic susceptibility derived from the Van Vleck formula 
by using the solutions of the spin Hamiltonian H = -J(SI.S2 + S 2 S 3 )  - J13SI-S3. Taking J,3 = 0, we found J = -4.4 cm-'. The 
ground state was found to be the IS2 = '/2, SI3 = 5 ,  S = 5 /2 )  state. Confirmation of the nature of the ground state and the energy 
ordering of the lowest excited states was obtained by measuring the magnetization as a function of the magnetic field up to 20 
T at 4.2 K. The crossover between the IS2 = 5/2, S i 3  =, 5 ,  S = J/2) and the IS2 = 5/2,  SI3 = 5 ,  S = 7/2) states was observed. Those 
measurements constitute an independent determination of the J exchange parameter: the J value was found to be in perfect 
agreement with the one deduced from magnetic susceptibility measurements. A preliminary EPR study at room and helium 
temperatures is reported. 

Introduction 

The chemistry of manganese polynuclear complexes has received 
a strong impulse from the rapidly growing biochemistry of this 
element, in particular from the study of the role of a still mys- 
terious manganese cluster in oxygen evolution by plants.'V2 
Recently several reviews on manganese chemistry appeared.3d 
In particular, ref 6 is devoted to the very rich chemistry of 
manganese with the carboxylate anion. 

The system manganese-acetate-bipyridine has given several 
well-characterized compounds. Christou et al. have reported' the 
structure of two tetranuclear complexes: [Mn111402- 
(CH3C02)7(bpy)2]+ and Mn1112Mn11202(CH3C02)6(bpy)2. We 
reporteds the structure of the dinuclear unit [Mn11120- 
(CH3C02)2(bpy)2(H20)2]2+, which was the first of this type with 
a bidentate terminal ligand; similar complexes have been prepared 
with tridentate terminal ligands: [Mn111zO(CH3C02)2L'2]2+,9 
where L' is 1,4,7-trimethyl- 1,4,7-triazacycIononane, and 
Mn1f120(CH3C02)2(HB(pz)3)2,1a where HB(pz),- is the tri- 
pyrazolborato anion, but in those cases there is no free position 
for the substrate coordination. Manganese-acetate-bipyridine 
chemistry has been recently enriched by the preparation of 
M nrflM nIVO 2(CH3C02)C12(bpy)21' and Mn11120(CH3C02)2- 

We present here the synthesis, crystal structure, and magnetic 
properties of the new linear trinuclear complex Mn113- 
(CH3C02)6(bpy)2. The benzoato analogue has been obtained and 
its crystal structure published by Christou.6 An analogous 
Fe113(CH3C02)6(bpy)2 complex has been characterized by Lippard 
et aI.I2 

Trinuclear complexes offer the opportunity to test the Heis- 
enberg model on more complicated systems13 than the extensively 
studied dinuclear systems. We will discuss the reliability of 
magnetic susceptibility measurements to determine the energy 
of the spin states for this trinuclear cluster. A confirmation of 
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the validity of this approach was obtained through high-field (20 
T) magnetization measurements at 4.2 K. This is one of the rare 
determinations of the J exchange coupling parameter by this 
technique.I4 

As far as bioinorganic chemistry is concerned, several trinuclear 
systems have drawn attention. A linear [Fe3S4]+ unit1s and 
triangular [Fe3S4]"+ sites (n = 1;16 n = 0'') have been studied. 
A trinuclear Cu site has been characterized by X-ray diffraction 
in ascorbate oxidase.Is Recently a mononuclear plus trinuclear 
arrangement has been proposed for manganese atoms of the ox- 
ygen evolving complex in  plant^.^^**^ A trinuclear species 
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T8bk 1. Summary of Crystallographic Data for 
M~~(CH~COZ)&JPY )z 

formula C 3 ~ H ~ M n 3 N 4 0 1 ~  6, deg 
fw 831.46 7 9  del3 
radiation, A 0.71069 v, A3 
temp, K 288 Z 
space group Pi dcakdd, g/cm3 
a, A 12.849 (4) fi .  cm-l 
b, A 9.790 (3) R(Fll'1 
c, A 8.817 (2) RJFo2) 
a, deg 108.50 (2) 

96.69 (2) 
106.41 (3) 
912.5 ( 5 )  
1 
1.513 
11.41 
0.051 
0.048 

Mn*1Mn1112(SALADHP)2(CH3C02)4(CH30H)2 has been studied 
in detaiL2' 

Finally, we will note tha t  the bridging scheme in Mn113- 
(CH,C02)6(bpy)2 is close to  the one found in Mn(CH3C02)2. 
4H20, which is also made of linear trinuclear units and has been 
much studied as an example of a 2D ferromagnetic lattice (see 
ref 23). The magnetic properties of those two compounds will 
be compared. 
Experimental Section 

Synthesis. Synthesis was carried out under argon. Mn(CH3C02)2. 
4H20 (245 mg, 1 mmol) was dissolved in IO mL of degassed pure EtOH. 
A IO-mL solution of bpy (1 56 mg, 1 mmol) in EtOH was transferred to 
the first one. After 10 min of stirring, the resulting yellow solution was 
partially evaporated, giving the desired product as a yellow crystalline 
powder in excellent yield (170% based on Mn). The powder was washed 
with cold ethanol under argon. Crystals can be obtained by slow evap- 
oration under argon of an ethanol solution. Anal. Calcd for 
C32HMMn3N4012: C, 46.23; H, 4.12; N, 6.74; Mn, 19.82. Found: C, 
46.83; H, 3.87; N, 6.17; Mn, 18.84. 

Magnetic Susceptibility Measurements. Magnetic susceptibility 
measurements in the 3-300 K temperature range were carried out with 
a Faraday-type magnetometer equipped with a helium continuous-flow 
cryostat. Automatic data-acquisition equipment was made at the La- 
boratoire de Chimie Inorganique. HgCo(NCS), was used as a suscep- 
tibility standard. 

Higb-Field Magnetization Mmurenents. The molar magnetization 
M was measured as a function of the magnetic field up to 20 T at 4.2 
K by means of a fluxmetric method. The sample, directly immersed in 
the liquid-helium bath, was extracted in a constant magnetic field be- 
tween compensated pick-up coils connected in series opposition, and the 
integrated signal was proportionnal to M. The calibration and the sen- 
sitivity of the apparatus were previously described in detaiLZ4 

CrystauOpnphic Data Collectionr and Refinement of the Structure. A 
prismatic crystal (0.1 X 0.1 X 0.15 mm) was selected and mounted on 
a Philips PW-I 100 four-circle diffractometer. Information concerning 
conditions for crystallographic data collection and structure refinement 
is summarized in Table 1. Unit-cell parameters were determined from 
25 reflections (4 I 0 I 12") and refined by least-squares methods. A 
total of 2247 reflections were measured in the range 2 I 0 5 25O, 2071 
of which were assumed as observed by applying the condition I 1  2Su(I). 
Three reflections were measured every 2 h as orientation and intensity 
control; significant intensity decay was not observed. Lorentz-polari- 
zation but no absorption corrections were made. The structure was solved 
by direct methods, using the MULTAN system of computer programs?5 
and refined by full-matrix least-squares methods, using the SHELX76 
program.26 The positions of 17 H atoms were located from a difference 
synthesis and refined with an overall isotropic thermal parameter, and 
the remaining atoms were refined anisotropically. The final R was 0.051 
for all observed reflections. The atomic coordinates for the non-hydrogen 
atoms are given in Table 11: those for the hydrogen atoms are given in 

We recently characterized a [Mn3O4I4+ core.22 
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Table XI. Final Atomic Coordinates (X 104) of Mnl(CH1C02)n(bu~)2 

x l a  Ylb  Z I C  

1977 (1) 2311 (1) 3509 (1) 
5000 (oj 
432 (4) 

-232 ( 5 )  
-1363 (6) 
-1830 ( 5 )  
-1165 ( 5 )  

-28 (4) 
762 ( 5 )  
421 ( 5 )  

1217 (6) 
2312 (6) 
2590 ( 5 )  
1847 (4) 
3785 (3) 
2779 ( 5 )  
2091 (3) 
2310 (8) 
5018 (3) 
4351 ( 5 )  
3340 (3) 
4773 (8) 
3669 (3) 
3210 ( 5 )  
2193 (4) 
3923 (8) 

5000 (oj 
2447 (5) 
1561 (8) 
898 (8) 

1175 (9) 
2106 (8) 
2719 (6) 
3678 (6) 
4081 (8) 
4930 (9) 
5343 (8) 
4898 (8) 
4101 ( 5 )  
3138 ( 5 )  
2335 (7) 
2373 ( 5 )  
1233 (11) 
3473 ( 5 )  
2645 (7) 
2474 ( 5 )  
1766 (12) 
5541 (4) 
6561 (7) 
6192 (6) 
8177 (11) 

'5000 (oj 
975 (6) 

1666 (IO) 
999 (IO) 

-402 (11) 
-1112 (9) 
-401 (8) 

-1127 (7) 
-2530 (9) 
-3148 (9) 
-2398 (10) 
-1026 (9) 
-365 (6) 
5408 (6) 
4919 (8) 
3719 (6) 
5767 (12) 
2426 (6) 
975 (8) 
608 ( 5 )  

-501 (12) 
3665 ( 5 )  
4087 (8) 
3651 (6) 
5051 (16) 

Table 111. Selected Bond Lengths (A) and Angles (deg) for 
Mn3(CH3C02)6(bpy)Z 

Around Mn( 1) 
Mn(l)-0(12) 2.067 (4) N(l0)-Mn(1)-N(1) 
Mn( 1)-0( 14) 2.101 (4) 0(12)-Mn(l )-N( 1) 
~ n ( i j - o ( i 5 j  2.155 (4j 0(12j -~n( i j -o(15)  
Mn(l)-0(16) 2.605 ( 5 )  0(15)-Mn(l)-N(lO) 
Mn( 1)-N( 1) 2.272 (4) O( 14)-Mn( I)-N( 10) 
Mn(1)-N(10) 2.236 ( 5 )  0(14)-Mn(l)-0(12) 

O( 15)-Mn( 1)-0( 14) 
O(l6)-Mn(1)-N(1) 
O( 16)-Mn( 1 )-N ( 10) 
O( 16)-Mn( 1)-0( 12) 
O( 15)-Mn( 1)-0( 16) 

Mn(1)-Mn(2) 3.614 ( I )  

72.2 (2) 
85.3 (2) 
98.8 (2) 

102.6 (2) 
87.6 (2) 

94.2 (2) 
92.3 (2) 
81.5 (2) 

105.0 (2) 
53.1 (1) 

99.3 (2) 

Around Mn(2) 
Mn(2)-0(11) 2.185 (4) 0(13)-Mn(2)-0(11) 91.3 (2) 
Mn(2)-O(13) 2.170 (4) 0(15)-Mn(2)-0(11) 91.5 ( I )  
Mn(2)-0(15) 2.200 (4) 0(15)-Mn(2)-0(13) 88.0 (2) 

Bridge 
Mn(1)-Mn(2) 3.614 (1) Mn(l)-0(15)-Mn(2) 112.2 

Acetate Groups 
0(16)-C(15) 1.228 (7) 0(16)C(15)-0(15) 119.7 (6) 
0(15)-C(15) 1.276 (7) 
0(13)-C(13) 1.249 (7) 0(14)C(13)-0(13) 126.0 (6) 
O( 14)-C( 13) 1.250 (7) 
O(12)-C(l1) 1.260 (7) O( l l ) -C( l l ) -0( l2)  124.7 (6) 
O(ll)-C(l1) 1.246 (7) 

C3 52 Ci i1 Mn1- 

c1 A T  
Figure 1. Perspective view of M I I , ( C H ~ C O ~ ) ~ ( ~ ~ ~ ) ~ .  

Table S1. The main bond lengths and angles are given in Table 111. 
EPR Spectra. These were recorded on powder samples at  X-band 

frequency with a Bruker ER 2OOD spectrometer equipped with an helium 
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Figure 2. xyT versus T plot for Mn3(CH3C02)6(bpy)2: (A) experi- 
mental points; (-) calculated curve. 

continuous-flow cryostat. The magnetic field was determined with a Hall 
probe, and the klystron frequency, with a Hewlett-Packard frequency 
meter. 
Result!? 

sbuctm of M I I ~ ( C H ~ ~ X Z ) ~ ( ~ P ~ ) ~  The structure is represented 
in Figure 1. It consists of trinuclear units of Mn atoms, where 
each pair of manganese atoms are p-linked by three acetate lig- 
ands. Two of the acetate groups are bridging as bidentate ligands 
and the third one is bridging through one oxygen atom only; this 
third acetato group chelates the terminal manganese atom. The 
molecule has an inversion center, which is a crystallographic 
symmetry. Mn(2) is on the inversion center and displays an 
octahedral coordination, being linked to six 0 atoms of six acetate 
ligands, while the Mn(1) is linked to two N atoms of a bipyridine 
ligand. The acute N(1)-Mn(1)-N(l0) (72.2 ( 2 ) 9  and 0- 
(lS)-Mn(l)-O(16) (53.1 (1)O) bond angles produce significant 
differences in the coordination sphere with respect to regular 
octahedral coordination. Around Mn( l), the Mn-O distances 
are shorter than the Mn-N ones except for the distance Mn- 
(l)-O( 16) = 2.605 A, which is the largest one (see Discussion). 
The Mn(l).-Mn(2) separation is equal to 3.614 (1) A. 
Magnetic !hmqWky Meas"& We measured the molar 

magnetic susceptibility xM of Mn3(CH$Oz)6(bpy)2 as a function 
of the temperature T. The results are shown in Figure 2 in the 
form of the xMT versus T plot. xMT decreases from 1 1.87 cm3 
mol-' K at 285 K to 4.32 cm3 mol-' K at 4.2 K. The room-tem- 
perature xMT value is smaller than the expected value xMT = 
(N/3z/3&)3g&S,(S, + 1) = 13.125 cm3 mol-' K for three Mn(I1) 
atoms uncoupled with SI = 5/2 and gl = 2 each. This is already 
indicative of substantial antiferromagnetic coupling. It is con- 
firmed by the dramatic decrease of XMTwhen Tdecreases. At 
low temperature, the value of xMT corresponds (within ex ri- 
mental uncertainty) to the expected value xMT = (NflZ/3k)$(S 
+ 1) = 4.375 cm3 mol-' K for a spin S = 5/z state with g = 2. 

Taking into account the structure of this compound, we used 
the following Heisenberg Hamiltonian to describe the low-lying 
electronic states 

Hs = - J(SI.Sz + S263) - Jl3SI*S3 

where SI is the spin of the Mn ion number i in Figure 1. The 
eigenvalues are given by 
E(S13a  

-(J/Z)[S(s + 1) -sI3(sI3 + 111 - (JI3/2)sI3(sI3 + 1) 
where S is the total spin of the molecular and S I 3  is the spin 
quantum number associated with the spin SI3 = SI + S3 of the 
terminal Mn ions. We have the conditions 0 I S13 I 5 and ISI3 
- 5/21 ,< S I SI3 + 5/2. The possible values for Sand SI, are given 
in Table IV together with the energy of each spin state for the 
case Jl3 = 0. 

We added to the preceding Hamiltonian the Zeeman term 

~ z e u n 8 n  = CrgifiSlfl 

Table IV. Values of the Total Spin S, of the Subpin SI3, and of the 
Energy of Each IS,& State in Units of J for 513 = 0. 

S s i 3  E(Si38)S)I-J S SI3 E(SI3S)I-J 
0 
5 20.0 4 

25.0 3 9 4 
13.5 2 12.0 
18.5 1 14.0 

5 
4 
3 22.5 0 15.0 

2.5 
6.5 4 

3 17.0 2 9.5 
2 20.0 1 11.5 

4 8.5 2 
3 12.5 
2 15.5 
1 17.5 

l'I2 5 27.5 'I¶ 5 
I3I2 5 

8.0 3 i 2  4 
13.0 3 

9 / 2  5 

5 
8 

l / 2  5 3.5 3 

#The energy of the ground state PI3 = 5 ,  S = ' I2 )  is taken as the 
energy origin. 

120 
r 
6 100 + 4  

t 
6o 1 4 1  

n L2L3 - 
0.5 1.5 2 5  3.5 4.5 5.5 6.5 7.5 

TOTAL SPIN VALUES 
Figure 3. Spin levels for Mn3(CH3C02)6(bpy)2 with J = 4 . 4  cm-I .  The 
energy in cm-' is given as a function of the spin value. To the right of 
the levds, the S I 3  values arc given. 

where g, for individual Mn( 11) ions were considered isotropic and 
gl = g, so that H- simplifies considerably to = &SJf. 
The Van Vleck expression for the susceptibility is then 

From the structure, we are allowed to think that 1JI3/JI << 1. 
For instance, in Mn3BrIz6, this ratio was found by neutron dif- 
fraction to be equal to 0.014.27 So we fixed J13 = 0. The best 
fit was obtained for J = 4 . 4  cm-' and g = 1.99. The agreement 
between this calculation and experimental data is excellent as can 
be judged from Figure 2. The agreement factor defined as R = 
C([XM~I"P- [ X M % I J ~ / ( [ X M ~ I " P ) ~  is R 2 x Energy 
levels are represented in Figure 3 in the way introduced in ref 28. 
We add here the S t 3  label. The ground state is found to be the 
ISz = s/z, S i 3  = 5 ,  S = 5/z) state, the first excited state is the 
quartet state IS2 = 5/2, S13 = 4, S = 3/z) at 11 cm", and then 
the Is2 = 5/z, S I 3  = 5,  S = 7/z) state occurs at 15.4 cm-I; all the 
states are indicated in Figure 3. At room temperature, all the 
states are populated. 

High-Field-Magnetization Study. Taking into account the 
antiferromagnetic character and the relative weakness of the 
magnetic interaction between Mn(I1) ions, we have explored an 
alternative method to determine J, namely the study of the 
magnetization up to very high field. The magnetization Mversus 

(27) Falk, U.; Furrer, A.; Furer, N.; Gudel, H. U.; Kjems, J. K. Phys. Rcu. 

(28) Pei, Y.; Joumaux, Y.; Kahn, 0. Inorg. Chem. ld, 27, 399-404. B 1987,35,4893-4900. 
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EPR Spectra. At 300 K, the EPR spectrum (Figure 7a) is very 
broad (more than 4200 G). At 10 K, fine structure is resolved 
(Figure 7b), and a complicated spectrum is observed with reso- 
nances at g = 6.3,3.0, 2.05, 1.7, and 1.04. At room temperature, 
many spin levels are occupied since J = 4 . 4  cm-l; the broadness 
of the spectrum suggests that ZFS is not negligible: when the 
ZFS is negligible for systems with 15) > IAI ( A  is the hyperfine 
splitting parameter), a narrow spectrum is observed around g = 
2, as explained in ref 29. Such a narrow spectrum has been 
observed in ref 30. The importance of ZFS is confirmed in the 
10 K spectrum where fine structure is observed. A quantitative 
explanation of this low-temperature spectrum is being studied. 
Discussion 

The ease of synthesis of this trinuclear complex proves the ability 
of the manganese-carboxylate-bpy system to form polynuclear 
complexes and makes this compound a good candidate for physical 
studies. 

Mn113(CH3C02)6(bpy)2 contains a new example of the Mn2- 
(RC02)2(OR)"+ core. Such a unit has been observed with 
Mnl"MniI1, MnlilMnlll, Mnli1MnI1, and MnIIMn" oxidation states 
as reviewed in refs 3-6. Our compound is the analogue of the 
benzoate trinuclear complex Mn113(PhC02)6(bpy)2 first reported 
in ref 6. 

compounds are 
clearly related to the structure of Mn(CH3C02)2.4H20, which 
is also made of trinuclear units,31 in which the Mn-Mn distance 
is 3.6 A, identical with the one found in Mn3(RCO2)6(bpy)2 (see 
this work and ref 6). In Mn(CH3C02)2.4H20, the terminal Mn 
atoms are much closer to octahedral geometry than in our com- 
pound. The carboxylate bridging the Mn atoms by one oxygen 
atom in Mn(CH3C02)2.4H20 links, through the second oxygen 
atom, a trinuclear unit to another one in such a way that those 
trinuclear units form planes. The planes are separated from each 
other by 9.6 A giving to the compound a pronounced 2-D char- 
acter. In the bpy complex, the analogous acetato group is chelating 
so that the trinuclear units are independent from each other. 

The duality in the type of bridging modes of acetate groups, 
bidentate or monodentate bridging, is remarkable. It has been 
recently observed for formate anions in F Q ( H C O ~ ) ~ ( B I P ~ M ~ ) J & ~ ~  
and for acetate ones in Fe3(CH3C02)6(bpy)2.12 One characteristic 
of the monodentate bridging acetate is that it leads to a weak bond 
between Mn(1) and O(16) atoms (Mn(l)-0(16) distance = 2.605 
A). Note that the 0-C-O angle of this acetate group (1 19.7O) 
is more acute than the same angle (126O or 124.7O) for the other 
acetate groups, which is due to this Mn( 1)-O(16) interaction. The 
same features were observed in Fe2(HC02),(BIPhMe)23a33 and 
in Fe3(CH3C02)6(bpy)2 although less ronounced: in the former 

distance of the analogous bond is 3.005 A.33 

= 5, S = 

The structure of those 

one the Fe-0 long distance is 2.787 gP and in the latter one, the 

From a magnetic point of view, our system has a IS2 = SI3 
ground state, which can be depicted simply as 

0- 
0 50 100 150 200 

H I k O e r s t .  

Figure 4. Molar magnetization M in pB versus field H in kOe. 
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Figure 5. Energy (in c d )  of the lowest levels as a function of magnetic 
field with H in kOe. Note the spin crossover at very high field. 

H curve at 4.2 K, reported in Figure 4, is, up to 10 T, close to 
a Brillouin function with S = 5/2. This was expected for a spin 
sextet ground state. But, instead of showing a saturation 
magnetization M,, = g(s/2fl) above 10 T, M continuously in- 
creases and reaches 7.28 at 20 T. This behavior may be explained 
as follows: at 4.2 K and at low field, the different components 
of the IS2 = SI3 = 5, S = state and not much of the other 
states, are populated. When H increases, the role of the Zeeman 
term becomes preponderant. In particular, the gaps between the 
ground state IS2 = )I2, SI3 = 5, S =J2, Ms = and the spin 
states Is2, S13, S, Ms), where Ms < 12, decrease. The variations 
of the low-lying state energies versus the field are reported in 
Figure 5. This diagram emphasizes the stabilization of both the 
IS2 = SI3 = 5, S = 7/21 Ms = -7 /2 )  and IS2 = S I 3  = 5, 
S = 9 / 2 ,  9 = - 9 / 2 )  levels in a 20-T field. Those levels intersect 
the p2 = 12, Si3 = 5, S = Ms = >I2) level at HI = 7J/2gfl 
(around 16.2 T) and H2 = 4J/gfl (around 18.9 T). The 
magnetization rise is due to the thermal po ulation of the IS2 = 

SI, -- 5, S = 72r Ms = -7/2) and IS2 = !I2, Si3 = 5, S = 9 / 2 ,  
Ms = - 9 / 2 )  levels. The other levels with lower lMsl values are 
not significantly stabilized at 20 T. To fit the magnetization curve, 
we are allowed to consider that, at 4.2 K and in the 0-20-T field 
range, the populated spin states are IS2 = f 1 3  = 5, S = 5/2, 
Ms), IS2 $12,  SI3 = 4, S 3/2, Ms), IS2 = SI3 5, S = 
7/2, Ms = -7/2), and IS2 = SI3 = 5, S = d;I, Ms = - 9 / 2 ) .  
The same assumptions as in the susceptibility fitting (J13/J  << 
1 and gi = g isotropic) lead to the following expression of the 
molecular magnetization 

M = (Ngfl/2) (dZ/dx)/Z 

where Z is the partition function 
Z = [cosh ( 5 ~ )  + cosh (3x) + cosh (x)] + [cosh (3x) + 

cosh(x)] exp(-3y/2) + exp(7x - 7y/2) + exp(9x - 8y) 

with x = gBH/kT and y = J / k T .  
The best fit was obtained for J = -4.4 cm-' and g = 1.985 in 

very good agreement with both values deduced from the magnetic 
susceptibility data. 

t 
+ 

The lowest energy levels can be identified in Figure 3. The first 
SI3 = 4, S = 3 /2 )  at 2.515) = 11 .O cm-I. 

S13 = 5, S = 7 / 2 )  at 3.514 = 15.4 cm-I. 
excited state is IS2 = 
Then we find IS2 = 

(29) Ishikawa, Y. J .  Phys. Soc. Jpn. 1966, 12, 1473-1481. 
(30) Luneau, D.; Savariault, J. M.; Tuchagues, J.  P. Inorg. Chem. 1988,27, 

391 2-391 R - - . - - - - -. 
(31) Bertaut, E. F.; Duc, T. Q.; Burlet, P.; Thomas, M.; Moreau, J.  M. Acto 

Crystallogr. 1974, 830, 2234-2236. 
(32) Tolman, W. B.; Bino. A.; LiDDard. S. J.  J .  Am. Chem. Soc. 1989, 11 1, _ _  

8522-8 523. 

1991, 113, 152-164. 
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Figwe 6. Spin levels for Mn3(CH3C0 )6(bpy)2 with J = -4.4 an-’: (0) 

To what degree can we be sure of the values of the energies 
deduced from magnetic susceptibility measurements and repro- 
duced in Figure 3? We do not know the value of J13 but we know 
from the large distance between Mn(1) and Mn(3) atoms and 
from analogow experiments on Mn3Brlz6 that lJ13/4 << 1. The 
real diagram must not be very different from Figure 3. 

From fitting trials (not shown), we found that lJ131 is at most 
equal to 0.5 cm-’: greater values induce detectable variations in 
the curve xM =AT). Figure 6 gives the energy of the spin states 
for J = -4.4 cm-’ and for JI3 = 4.5.0, and +0.5 cm-I. First, 
one can note that the states with the same S13 value as the one 
of the ground state (SI3 = 5 )  are separated from the ground state 
by gaps independent of J13 (which is evident from the expression 
for the energy). The other states are affected by J13, but the 
perturbation is greater for those states that differ greatly from 
the ground state in their Si3 value. In particular the S I 3  = 4 states 
are not very much affected. At most (Le. for IS2 ’12, s13 = 
0, S = ’ I2)) the deviation is about 10%. which is quite acceptable. 
In conclusion, the use of magnetic susceptibility data is a good 
method to deduce the spin-state scheme of systems in which all 
the spin states are populated at  high temperature and become 
differentially populated at low temperature. 

A spectacular demonstration is brought to fruition through the 
use of high-field magnetization measurements. Using very high 
field (20 T), we were able to observe the crass over of the IS2 = 
5/2+ S13 = 5 ,  S = ’ 1 2 .  MS = A/z) and the (s, - ’ 12 ,  s13 = 5, S 
= 1 2 ,  PS -’Iz) states, which gives a direct access to the 
separation between those statea in the zero field and thus to J .  
The value of J so obtained was in perfect agreematt with the value 
obtained from magnetic susceptibility measurement. A very hi& 
magnetic field can break the antiferromagnetic coupling inside 
the trinuclear unit; this behavior toward H is analogous to the 
mctamagnetism in weakly coupled antiferromagnetic materials. 
To the best of our knowledge, such an approach has been used 
only once (for a molecular divanadyl entity).“ 

Note that it was impossible to deduce JI3 from this technique. 
The magnetization curve is in fact essentially sensitive to the 
relative energies of the ground state and the higher spin multiplicity 
states; the gaps between Cr, = ’12, SI3 = 5, S ’/z, MS = >/2),& 
= ’Iz, S,, = 5 ,  S = Ms = -ll2) and IS2 = 5/2, SI3 = 5 ,  S 
= 9 / 2 ,  Ms = -9/2) are unrelated to J13 since the three levels have 
the same S13 value. 

The magnetization curves are often influenced by the anisotropy. 
The magnetization study at lower temperatures might provide 
information on the anisotropic parameters as a detailed EPR study. 

Magnetic properties of Mn(CH3C02)fiHz0 have been studied 
and were explained (see ref 23) as issuing from antiferroma- 
gentically coupled trinuclear units, ferromagnetically coupled 
together in planes. In turn, the planes are antiferromagnetically 
coupled. The antiferromagnetic intracluster interaction has been 
considered as the leading one. Saturation magnetization studies 
(see ref 23) gave one spin S = per three manganese atoms. 
Our results on Mn3(CH3W&(bpy)z confirm that the intracluster 
interaction is antiferromagnetic and such that at low temperatures 
only one S = s/z remains for three manganese atoms. 

Trinuclear Mn3Brlz6 units obtained in C S M I I , M ~ ~ - ~ B ~ ,  have 
been studied in ref 27 by inelastic neutron scattering, which 

~ 1 3  +O.S “ 1 ;  (0) ~ 1 3  -0.5 m-c ~ 1 ,  = 0. 

Imo 1wo 3w4 lDoD 5 o o o o o o o  a 

Figure 7. EPR spectra of Mn3(CH3CO~)6(bpy)~ (a) at 200 K and (b) 
qt 10 K. 

allowed detetmination of the second nearest-neighbor bupling 
constant; the ratio JI,/J was found equal to 1.4%. The spin state 
energy pattern found for tliis system is very close to the one we 
found for our system. 

Another resported linear manganese trinuclear complex is 
Mni1Mn111z(SALADHP)z(CH3COz)4(CH30H)2, the bridge 
structure of which is very close to that of our In 
this case, a IS2 = 5/z, Si3 = 4, S = )Iz) ground state has been 
observed as expected from a simple scheme analogous to the one 
above. 

The J value found in Mn113(CH3C02)6(bpy)2 can be compared 
with other Mn1IMn1I magnetic interactions implying acetato 
groups. It is slightly larger than the J = -3.5 cm-’ we’foihdh 
for [L’zMnz(CH3C0J3J+ but much smaller than the value 
measured for [L’zMn2(CH3C0z)z0H]+ (J = -18 cm-’; L’ is 
1,4,7-trimethyl-l,4,7-triaza~yclononane).~~ Tbe weakest inter- 
action in [L’2Mn2(CH3C0&3]+ could be related to the larger 
Mn-Mn distance (4.034 A) observed in this compound versus the 
3.6-A distance observed in Mn1’3(CH3C02)6(bpy)2 A better 
reason could be that the monoatomic oxygen bridge in Mn113- 
(CH$O&(bpy)z is more efficient for electron exchange than the 
triatomic acetato bridge in [L’zMnz(CH3COz)3]+. 

Finally, the large difference in J values between MnIr3- 
(CH$02)6(bpy)2 and [L’2Mn2(CH3C0J~0H]+ is strIking. The 
[Mnz(CH3C02)2(0R)]+ Unit with a hydroxo bridge (R = H) 
presents a much stronger J coupling than the analogous complex 
with a monodentate acetato bridge (R = CH3CO). The same 
effect occurs in analogous Fe(I1) complexes: in FeZ(HCOz),- 
(BIF’hMe)2 the J is found to be practically equal to zcro in contrast 
with the J = -26 cm-’ value in [L’2Fe2(CH3C02)zOH]+.3s 
Lippard et al. have recently related this phenomenon to larger 
Fe-O(bridging) distances in Fe2(HC02)4(BIPhMe)z than in 
[L’2Fez(CH3C02)20H]+.33 The same explanation seems to be 
valid here: in [L’2Mn2(CH3C02)20H]+ the geometry of the 

(34) Wieghardt, K.; Bossek, U.; Bonvoidn, J.; Beauvillain, P.; Girerd, J.-J.; 
Nuber, B.; W e b ,  J.; HeinEc, J. Angnu. Chem,, Inr. Ed. EM. 1% 25, 
1 0 3 W  03 1. 

(35) Hartman, J. R.; Radin, R. L.; Chaudhuri, P.; Pohl, K.; Wicqhardt, K.; 
N u k r ,  B.; Weiss, J.; Papaefthymiou, G. C.; Frankel, R. B.; Lippard. 
S. J. J. Am. Chem. Soc., 1987,109, 7387-7396. 
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"compact" in Mn113(CH3C02)6(bpy)2 than in [L',Mn2- 
(CH$02)20H]+. 

Supplementary Material Available: Structure determination details 
(Table SI), H atom positions (Table S2), anisotropic thermal parameters 
(Table S3), distances and angles (Table S4) for non-H atoms, and dis- 
tances and angles (Table S5) for H atoms (8 pages); a listing of structure 
factors (9 pages). Ordering information is given on any current masthead 

Mn-O(bridging)-Mn entity is characterized by Mn-O,, = 2.053 
A, Mn-O,-Mn = 1 0 9 . 4 O ,  and Mn-Mn = 3.351 AM versus Mn+ 
= 2.155 or 2.206 A, Mnab-Mn = 112.2 A, and Mn-Mn = 3.6 
A in Mn113(CH3C02)6(bpy)2. The Mn-Ob-Mn System is less 

(36) U.; Wi*dt, K.; N u k ,  B.; W h ,  J. "g. Chim. Acta 1989, 
165, 123-129. page. 
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The reactions of UO2SO4-3H2O with 12-crown-4, 15-crown-5, benzo-15-crown-5, 18-crown-6, and dibenzo-18-crown-6 were 
investigated in nitric, acetic, hydrochloric, and sulfuric acids. Impurities in the nitric acid resulted in the isolation of the complexes 
[(HJ02)((N02)2bcnzo-l5-crown-5)2]2[(UOz(NO3)2)2C2O4] (benzo-15-crown4 was nitrated during the reaction) and [(H,O)- 
( 18-cro~n-6) ]~[  (U0z(N03)z)zC204J, which were crystallographically characterized. [Mg(OHZ),] [ (H,O)( 15-~rown-,5)]~[(UO~- 
(S04))2C204]2 was also isolated from nitric acid and partially characterized crystallographically. Reactions in acetic acid produced 
uranyl sulfate polymers with layers of hydrogen-bonded crown ethers in the lattice: [UOz(S0,)(OHz)z]~0.5( 12-crown-4).Hz0, 
[U02(S04)(OHz)2].0.5(benzo-l S-crown-5).1 .5H20, and [U02(S04)(OHz)3].0.5( 18-crown-6). Hydronium ion complexes of mown 
ethers stabilized by [U02C14]z- anions were isolated from hydrochloric acid. The complexes [(H502)(H904)(benzo-1 5-crown- 
5),] [U02C14] and [ (H5OZ)2( 18-crown-6)I [UOzC14] were isolated and crystallographically characterized. Reactions in sulfuric 
acid for the most part produced decomposition products. [(H,O)(dibenzo-18-crown-6)] [HSO4].CH3CN was isolated by re- 
crystallization of a purple precipitate from CH3CN/CH30H (3:l). [(HJ02)((N02)zbenzo-l 5-crown-5)z]2[(U02(N03)z)zC204] 
crystallizes in the monoclinic s ace group P 2 , / n  with (at 22 "C) a = 8.995 (4) A, b = 19.684 (5) A, c = 24.739 (4) A, j3 = 90.42 

refinement with 4790 independent observed reflections [F, 1 5u(Fo)]. [(H30)(1 8-crown-6)]2[(U0z(N03)2)2C204] is monoclinic, 
E,/n, with (at 22 "C) a = 9.804 (1) A, b = 21.037 (7) A, c = 11.827 (3) A, @ = 94.70 (2)", Dmld = 1.97 g cm-) for Z = 2, 
and R = 0.040 for 2587 observed reflections. [U02(S04)(OH2)2]-0.5(12-crown-4)~Hz0 is triclinic, Pi, with (at 22 "C) a = 7.007 
(1) A, b = 8.0408 (6) A, c = 10.776 (2) A, a = 91.31 (1)O, j3 = 93.60 (Z)", y = 100.18 ( I ) " ,  Dmld = 2.83 g cm-,, Z = 2, and 
R = 0.032 for 1883 observed reflections. [U0z(S0,)(OHz)z]~0.5(benzo-15-crown-5)~1.5Hz0 is triclinic, Pi with (at 22 "C) a 
= 6.908 (2) A, b = 8.717 (4) A, c = 13.578 (2) A, a = 79.46 (2)", j3 = 75.28 (2)", y = 89.98 (3)", Dald = 2.41 g ~ m - ~ ,  Z = 
2, and R = 0.056 for 2261 observed reflections. [U02(S04)(OH2)3].0.5(18-crown-6) is monoclinic, P2,/n, with (at 20 "C) a = 
9.314 ( 5 )  A, b = 9.339 (3) A, c = 16.734 (3) A, j3 = 103.62 (3)", DaM = 2.59 g cm-3 for Z = 4, and R = 0.071 for 1649 observed 
reflections. [(HJ0z)(H,04)(benzo-15-crown-5)z][U02C14] is triclinic, Pi, with (at 20 "C) a = 8.889 (3) A, b = 10.149 (3) A, 
c = 11.626 (3) A, a = 94.54 (2)", j3 = 91.04 (2)", y = 104.29 (3)", Dcrkd = 1.74 g Z = 1, and R = 0.034 for 3455 observed 
reflections. [(HJ02)2(18-crown-6)][UOzC14] is triclinic, PI, with (at -150 "C) a = 6.9265 (8) A, b = 9.239 ( 1 )  A, c = 10.429 
(2) A, a = 93.34 ( I ) " ,  j3 = 103.50 (I)", y = 106.15 (l)", Daw = 2.02 g cm-,, Z = 1, and R = 0.025 for 2153 observed reflections. 
[(H O)(dibenzo-18-crown-6)][HS04]~CH3CN is triclinic, P I ,  with (at 18 "C), a = 9.118 (2) A, b = 9.348 ( 5 )  A, c = 15.879 
(4) A, a = 77.60 (3)", @ = 80.99 (2)", y = 78.22 (3)". DmM = 1.34 g cm-), Z = 2, and R = 0.073 for 1070 observed reflections. 

(2)", and Dmld = 1.81 g cm- P for Z = 2 formula units. A final conventional R value of 0.038 was obtained by least-squares 

Introduction 
Few of the separation studies of the uranyl ion with crown ethers 

have actually demonstrated metal ion crown ether coordinati~n.'-'~ 
The probability of the O = U e +  ion threading through a crown 
ether is low. Characterization of uranium complexes is usually 
limited to dicyclohexyl- 18-crown-6 (e.g., [U02(dicyclohexyl-l 8- 
crownd)] [C104]2:14 note the use of the poorly coordinating C10,- 
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anion). Other crown ether complexes of uranium that have been 
structurally characterized include [ U( BH4)2(dicyclohexyl- 18- 
~ r o w n - 6 ) ] ~ [ U C l ~ ( B H ~ ) ] ' ~  and [UC13(dicyclohexyl- 18-crown- 
6)],[UC16] .I6 Inner-sphere complexes have also been reported 
for several uranium(II1) chlorides and crown ethers,' as well as 
[UC13( 18-crown-6)] and [U(BH4)3( 18-~rown-6)].~* 

It is interesting to note the utility ascribed to dicyclohexyl- 
18-crown-6 and dicyclohexyl-24-crown-8 in uranyl ion extractions. 
Our structural results with dicyclohexyl-24-crown-8 and other 
reports in the l i t e r a t~ re '~ -*~  for dicyclohexyl- 18-crown-6 and 
dicyclohexyl-24-crown-8 all indicate the presence of hydronium 
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