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A reexamination of bulk magnetic susceptibility data supplemented by variable-field magnetization and EPR studies definitively 
established the ground state of the mixed-valence complex [Mn1'Mn11120(02CCH3)6(py)3](py) (1) as having S = 3/2, in contrast 
to the S = ground state reported previously. This represents a rare example of a triangular r3-oxide metal complex characterized 
as having an intermediate spin ground state (Le., ground-state spin value other than the minimum available to the system). 
Variable-temperature susceptibility data measured at  10.00 kG were fit to a Heisenbcrg-Dirac-Van Vleck expression with g = 
2.05, J = -5.2 cm-I, and J* = -2.7 cm-I, where J characterizes the Mnll.-Mnlll interaction and J* the Mn"'.-Mn"' interaction, 
Variable-field magnetization data measured at  10.00, 30.00, and 48.00 kG in the range from 1.83 to 20.00 K were fit by full-matrix 
diagon?lization to a spin Hamiltonian appropriate for a S = 3/2 state under the influence of axial zero-field splitting of the form 
H = OS:. A fit was found for g = 1.98 and D = 3.1 cm-I. X-band EPR spectra measured from 2 to 30 K on a polycrystalline 
sample of 1 show several transitions in the g = 2 and g s 4 regions; the g - 4 signal decreases in intensity with increasing 
temperature, consistent with the assignment of a S = 3/2 ground state. Susceptibility data were also reanalyzed for the related 
mixed-valence complex [Mn1*Mn11'20(02CPh)6(py)2(H20)]J/2(CH3CN) (2). On the basis of susceptibility data determined at  
10.00 kG and X-band EPR spectra from 4 to 31 K, the ground state for complex 2 is assigned as S = Fitting parameters 
for complex 2 were found to be g = 1.99, J = -6.5 cm-l, and J* = -4.5 cm-'. The results for both complexes are discussed in 
terms of spin frustration within the M n 3 0  core. In addition, the observation of multiple EPR-active states is discussed relative 
to the origin of EPR transitions from the oxygen-evolving complex of photosystem 11. 

Introduction 
The electronic s t ructure  of trinuclear p3-oxide transition metal 

complexes of the general formula [M30(02CR)6L3]"+-S has been 
the subject of extensive study over the past decade.' From studies 
of intermolecular energy transfer in CrI1I3 complexesZ to the role 
of cocrystallized solvent S on intramolecular electron transfer in 
mixed-valence Fe11Fe1112  system^,^ these complexes have provided 
an opportunity to examine  critically theories of exchange inter- 
actions4 and  electron t r a n ~ f e r , ~  in addition to allowing for detailed 
experimental a n d  theoretical studies of the nature of cooperative 
interactions in the  solid ~ t a t e . ~ . ~  By far the most intensely studied 
of these p3-oxide complexes are the iron-containing complexes. 
I t  has been found t h a t  in m a n y  c a y  a simple_ isptropic Heisen- 
berg-type interaction of the form H = -2JiPi.Sj does not ade- 
quately describe t h e  magnet ic  exchange interactions present in 
these iron complexes. A wide variety of theoretical models have 
been examined involving intercluster,' biquadratic,* and resonance 
exchange interactions9 to describe the electronic structures of these 
complexes. 

Considerably less work has been directed toward the analogous 
manganese complexes, although both mixed-valence Mn"Mn1112 
and isovalent Mn3"' complexes have been reported.I0 Vincent 
et al.Ioa reported the magnetochemistry of several p3-oxide 
manganese complexes of the general  formulat ion [Mn30- 
(02CR)6L3]0,+, where R = Me or Ph and L is a neutral  donor 
group such as pyridine or  H20.  Ground states with S = ' I2  were 
reported for the  two mixed-valence MnllMnlllz complexes. This 
is consistent with the literature where, with few exceptions," the 
ground states  of p3-oxide complexes correspond to a minimum 
number of unpaired electrons (Le., S = ' I 2  for Fe"', and Mn"- 
Mn1112; S = 0 for FeIIFe"', a n d  Mn"', complexes). However, i t  
is by no means obvious t h a t  the ground s ta te  of a Mn11Mn1112 
complex should have S = since the total spin of such a complex 
can range from S = In fact, the ground state in 
many of these complexes results from spin frustration.12 This  
term describes an effect whereby the interplay of various exchange 
interactions in a polynuclear complex causes a ne t  spin vector 
alignment which is different than that  expected upon consideration 
of pairwise exchange interactions. By varying the ratio of ex- 
change parameters  in a M 3 0  complex, without making  large 
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changes in Jij parameters, it should be possible to stabilize ground 
states with S # ' I2  for a Mn11Mp1112 complex. 
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This last point is of particular interest with respect to recent 
work by Kim et al.I3 on the oxygen-evolving complex (OEC) of 
photosystem I1 (PSII) in green plant photosynthesis. The S2 state 
of the OEC is believed to have a Mn4 active site. Two EPR signals 
have been seen for the S2 state. One signal has g = 4.1, and the 
other one is a multiline feature at g = 2. The relative intensities 
of these two signals depend on the sample history of the OEC. 
A substantial body of experimental data has been accumulated 
in the course of trying to assign the origins of the g = 4.1 and 
g = 2 tran~iti0ns.I~ Essentially two models have been proposed 
to account for these two S2-state EPR signals. Brudvig and 
co-workers15 proposed that both the g = 4.1 signal and the 
multiline g = 2 transition arise from different conformations of 
the same tetranuclear manganese complex. This model invokes 
a S = 3/2 ground state for the OEC and conformation1 changes 
in the protein which change the energy of an excited S = state. 
In one conformation the S = state is thermally accessible and 
EPR transitions from both the S = 3/2 ground state ( g  = 4.1) and 
the low-lying S = excited state (g = 2) are observed. A change 
in the conformation of the protein presumably modifies the ex- 
change interactions within the cluster, making the S = excited 
state thermally inaccessible and leaving only the g = 4.1 signal 
of the S = 3/2 ground state. A second model has been put forth 
by Hansson et a1.16 in which the g = 4.1 signal arises from a 
mononuclear Mn'" site which exists in redox equilibrium with a 
binuclear exchange-coupled manganese site responsible for the 
g = 2 multiline pattern. The observation by Kim et al.I3 of 
partially resolved manganese hyperfine lines for the g = 4.1 signal 
strongly indicates the g = 4.1 EPR signal is due to a multinuclear 
manganese site, in agreement with the model of Brudvig et al.Is 
Thus, it is important to discover what types of structural changes 
in a polynuclear mixed-valence manganese complex are required 
to change the distribution of low-energy spin states. It is also 
relevant to see if more than one state of such a complex can be 
EPR active. 

Our recent work dealing with the effects of spin frustration in 
polynuclear transition metal complexes has shown that very subtle 
changes in the ratios of competing exchange interactions in a 
complex can have dramatic effects on the exact nature of ground 
and low-lying magnetic states.l2J7 As a result of subtle changes 
in the exchange parameters characterizing the pairwise interactions 
in a complex, the spin of the ground state can change appreciably. 
In this paper we will show that for the mixed-valence complexes 
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(H20)].'/2(CH3CN) (2) the former has a S = 3/2 ground state 
and the latter a S = ground state. It is relevant to EPR work 
on the OEC site to note that both of these complexes exhibit EPR 
activity not only for the ground state but also for low-lying excited 
states. 
Experimental Section 

Syntheses. All compounds were prepared as  previously described by 
Vincent et 

Magnetic Susceptibility Studies. Bulk susceptibility data measured at  
10.00 kG were taken from Vincent et a].'& and fit to the appropriate 
theoretical expression using a relative-error minimization routine.l* 
Variable-field magnetization data were measured for [ Mn30- 
(OZCCH,),(py),](py) (1) as a function of temperature in applied fields 
of 10.00 (2.01-20.00 K), 30.00 (1.90-20.00 K), and 48.00 kG 
(1.83-15.00 K) using a Series 800 VTS-50 SQUID susceptometer (BTi, 
Inc., San Diego). A finely ground sample of complex 1 was immersed 
in a petroleum gel mull to prevent torquing of the crystallites a t  high 
magnetic fields. In none of the data was there any evidence of texturing 
due to anisotropy in the distribution of the sample relative to the applied 
field. The mass of the magnetization sample was calculated on the basis 
of the previously known susceptibility of the compound in an applied field 
of 10.00 kG for several temperatures above 5.00 K. Data were corrected 
for diamagnetism using Pascal's  constant^.'^ All three isofield data sets 
were simultaneously fit to the appropriate spin Hamiltonian using a 
modified version of a previously reported full-matrix diagonalization 
program.20 

E4ectron P"gm?tic Resonnnee Spectroscopy. X-band EPR spectra 
for complex 1 and complex 2 were collected on a home-built spectrom- 
eter.*I 

Results and Discussion 
Variable-Temperature 10-kG Susceptibility Data for [Mn30- 

(02CCH3)6(py)a](py). The basic metal core of a triangular 
p3-oxide complex can be represented schematically as 

[Mn3o(o2CCH3)6(py)3l(PY) (l) and [Mn30(02CPh)6(py)Z- 

The spin Hamiltonian for this complex, assuming pairwise 
Heisenberg-Dirac-Van Vleck interactions is given in eq 1. For 

the two mixed-valence complexes being examined, it is reasonable 
to assume that the two Mn*'.-Mn''' interactions are identical. If 
Mn(1) is assigned as the divalent ion, eq 1 reduces to eq 2, where 

(2) 

J = J12 = Jl3 and-P =,J23. Jf a coupling 5cheqe is defing with 
the total spin as ST = S1 + SA and SA = S2 + S3 where Si is the 
spin operator for the ith metal center, the Kambe vector coupling 
approachZZ can be used to generate an operator-equivalent ex- 
pression for eq 2: 

H = -2J(SI&2 + SI*$) - 2J*&&3 

(3) 

Vincent et al.loa used the eigenvalue expression which is readily 
obtained from eq 3 and obtained a fit of the 10-kG susceptibility 
data for [Mn30(02CCH3),(py)3](py) (1); this fit is indicated in 
ref loa. The best fit parameters were reported as g = 2.13, J = 
-5.1 cm-I, and J*  = -8.3 cm-l with temperature-independent 
paramagnetism (TIP) fixed at 1 X lod cgsu. These parameters 

Schmitt, E. A., unpublished results. 
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A., Mulay, L. N., Eds.; John Wiley and Sons: New York, 1976. 
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W. E.; Huffman, J. C.; Christou, G.; Hendrickson, D. N. J .  Am. Chem. 
Soc. 1988, 110, 8537. 
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G. Biophys. J .  1990, 58, 149, and references therein. 
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Figure 1. Plot of effective moment versus temperature for [Mn,O- 
(02CCH3),(py),](py) (1). Data were collected in an applied field of 
10.00 kG. The solid line results from a fit of the data to the appropriate 
theoretical equation; see the text for parameters. The fit indicates a S 
= 3 /2  ground state. 

yield a S = ground state (SA = 2) with a S = 3/2 excited state 
(SA = 1) approximately 2.5 cm-I above the ground state. An 
additional S = state (SA = 2) is calculated to be approximately 
15 cm-l above the ground state. 

An alternative description of the exchange interactions present 
in complex 1 was recently published by Gomez-Garcia et al.Iof 
In addition to HDVV exchange interactions, these authors suggest 
that, due to the mixed-valence nature of complex 1, a more ac- 
curate description of the electronic structure must include the 
effects of resonance exchange interactions. Gomez-Garcia et al. 
concluded that since the 223 K X-ray structure of compex 1 shows 
that the Mn30 complex has C, symmetry, this complex is elec- 
tronically delocalized. This means that there is no potential energy 
barrier for electron transfer. If this is the case, then resonance 
exchange should be included in the spin Hamiltonian. A spin 
Hamiltonian including resonance exchange (electron-transfer 
integral t )  and HDVV exchange interactions with parameters J 
and s* was employed. The 10-kG susceptibility data for complex 
1 were fit by assuming D3h symmetry; a fit of somewhat better 
quality than reported by Vincent et al. was found with parameters 
J = -10.2 cm-l J* = -12.8 cm-l, g = 2.0, and t = 280 cm-]. 
However, recent has shown that resonance exchange in- 
teractions are very likely not present in [Mn30(02CCH3)6- 
(py),](py). First, there is a first-order phase transition at 184.65 
K observed in the heat capacity versus temperature data as de- 
termined by adiabatic calorimetry.23b Below - 185 K the C3 axis 
of the crystal is lost and each Mn30 complex does not have C3 
symmetry. The results of a variable-temperature ZH NMR 

for a single crystal of [Mn30(02CCD3)6(py)3] (py) 
confirm that this complex is valence trapped below - 185 K. IR 
data show that above - 185 K the complex is also trapped on the 
vibrational time scale. It is clear that above the 184.65 K abrupt 
phase transition this Mn30 complex is rapidly interconverting 
between the four vibronic states on its ground-state potential 
energy surface. It does not become electronically delocalized in 
the 185-350 K range. 

It was decided that the magnetc susceptibility characteristics 
of [Mn3O(O2CCH3),(py),](py) needed to be examined in more 
detail. A full examination of J, J* parameter space gave an 
improved fit of the previously reported 10-kG data, shown in 
Figure 1. This fit was found with g = 2.05, J = -5.2 cm-l, and 
J* = -2.7 cm-I; contributions from temperature-independent 
(23) (a) Jang, H. G.; Vincent, J. B.; Nakano, M.; Huffma; J. C.; Christou, 

G.; Sorai, M.; Wittebort, R. J.; Hendrickson, D. N. J .  Am. Chem. Soc. 
1989, I I I, 7778. (b) Nakano, M.; Sorai, M.; Vincent, J. B.; Christou, 
G.; Jang, H. G.; Hendrickson, D. N. Inorg. Chem. 1989, 28, 4608. 
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Figure 2. Relative error for fitting 10.00-kG susceptibility data of 
[Mn30(02CCH3)6(py)3](py) (l), calculated for g = 2.05. The figure is 
a two-dimensional projection of the surface, where the one local minimum 
and the global minimum can be seen. 

paramagnetism and paramagnetic impurities were held fixed at 
2.00 X lV cgsu and O.OO%, respectively. It is clear that this latter 
set of parameters fits the susceptibility data for complex 1 
somewhat better than those from Vincent et al. throughout the 
entire temperature range, except for a small deviation at the lowest 
temperatures (vide infra). The above parameters predict a S = 
3/z  ground state (SA = 4) for complex 1, in contrast to the S = 
l/z state (SA = 2) based on the analysis by Vincent et al.Ioa The 
important point to note is that although this new fit represents 
a nominally small change in the fitting parameters (primarily in 
the value of P), this small variation results in a change in the 
ground state of the molecule. 

The plot in Figure 2 makes clear why Vincent et al.loa found 
a fit where J /J*  < 1. In this figure is plotted an error contour 
map for fitting the susceptibility data of complex 1. It can be 
seen from this figure that the parameters corresponding to the 
fit by Vincent et al. represent a local minimum for these data, 
as opposed to the global minimum represented by the present 
analysis. The previous analysis of these data apparently fell into 
this sharply defined local minimum in the error surface potential. 
It was only by examining a wider range of parameter space and 
generating Figure 2 that we were able to identify the nature of 
this local minimum and find a better fit of the data. 

Variable-Field Magnetization Studies. Low-temperature 
measurements of magnetization at variable magnetic field values 
provide a means to characterize the spin of the ground state. The 
presence of a large external field stabilizes one component (largest 
m, value) of the ground state. If the temperature is low enough, 
all complexes will populate this lowest component and there is 
a saturation in the magnetization. 

In Figure 3 are shown the results of variablefield magnetization 
studies carried out on complex 1 in applied fields of 10.00, 30.00, 
and 48.00 kG. At each field the temperature was varied 
(1.83-15.0 K at 48.00 kG, for example). The plot of reduced 
magnetization ( M / N p B ,  where N is Avogadro's number and p~ 
is the Bohr magneton) as a function of HIT indicates a t  48.00 
kG a saturation of the magnetization of complex 1 at -2.3. This 
value is inconsistent with a S = ground state and suggests a 
S = 3/z ground state for the complex. The solid lines in the figure 
result from simultaneously fitting all three isofield data sets by 
means of a full-matrix diagonalization of a spin Hamiltonian 
appropriate for a S = state unde! the influence of axial 
zero-field splitting of the form H = DS?. It should be pointed 
out that, owing to the small values of J and J*, the energetic 
spacing of low-lying spin states is very small. In particular, S = 
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3. Plot of reduced magnetization versus magnetic field in units 
of tempnturc for (M~,O(O,CCH,),(PY),I(PY) (1) at (0) 10.00. (?) 
30.00, and (e) 48.00 W;. The three solid linea represent a fit to a spin 
Hamiltonian for a S = state with axial zero-field splitting. See text 
for parameters. 

and S = states within 20 c n - I  of the grcund state arc likely 
populated at the highest temperatures of the magnetization data. 
However, sina the saturation value of -2.3 rcpresmts the lowest 
temperature of 1.83 K, we feel that treatment of the data in tnms 
of an isolated ground state is a reasonable approximation. Thus 
it was assumed that only theS  = 3/2 state is thermally populated 
and that the &man interaction is isotropic. For each setting 
of the two parameters g and D. two 4 X 4 spin Hamiltonian 
matrices were diagonalized to get the eigenvalues; one matrix is 
for the parallel magnetic field and the other for the perpendicular 
orientation of the field. The magnetization was calculated as an 
average of the parallel and perpendicular components. An ex- 
cellent fit was found for g = 1.98 and D = 3.1 cm-'. Attempts 
to fit these same data in terms of a S = Itz state resulted in g 
values in excess of 3, whereas a S = '/, ground-state description 
gave unacceptably low values for g (<1.7). The value of D, 
although somewhat large, is not too surprising since both of the 
high-spin Mn"' ions are expected to contribute substantial zero- 
field effects due in part to the Jahn-Teller distortion in Mn"' 
complexes. The zewfield splitting found from the magnetization 
studies also explains the slight discrepancy between the experi- 
mental and calculated moments at low temperature for the fit of 
the bulk suscsptibility data. The positive value for D indicates 
a net stabilization of them, = i'/, component of the S = 'Iz state, 
which will serye to depress the moment from that expected based 
solely upon an unsplit S = 3/2 state. 

If the pairwise magnetic exchange interactions in complex 1 
were negligibly small, then the spin-only value for a Mn1'Mn1112 
complex would be expected to be 9.70 pB. At the highest tem- 
perature studied (342.0 K), the effective moment of complex 1 
is 8.58 re, or approximately 88% of the spin-only value. It is clear 
from the above fitting of the variable-temperature IO-kG data 
that the magnitudes of the exchange parameters in complex 1 arc 
small. Thus, there are two possible explanations for the 
magnetization data in Figure 3. The ground state could have S 
= 3 / p  On the other hand, it is possible that there is a S = 
ground state with a very low-energy S = excited state. As 
the magnetic field is increased from zero, the M, = -'I2 component 
of this excited state could be stabilized enough to become the 
ground state at some value of magnetic field. The error surface 
in Figure 2 suggests that there is a S = ground state. However, 
EPR exoeriments were carried out to defide between the two ~~ 

possibilities. 
Electron P a n r r m d c  Raromafc Socfhoseo~v. EPR soec- 

troscopy has proven to be very useful'in studyibg polynuciear 
manganese complexes which have half-integer spin states?' In 
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Flgnre 4. Trmpraturc depmdence of the X-band EPR spectrum of a 
polycrystalline sample of [Mn,O(O~CCH,),(py),](w) (1). The left-hand 
wlumn shows the derivative plot, with the wrresponding integration 
displayed in the right-hand mlumn. 

Figure 4 arc shown the X-band EPR spectra for a polycrystalline 
sample of complex 1 in the range 2-30 K. These spectra show 
that the ground state of the complex 1 does, in fact. have S = 
3/2 in accord with the fit in Figure 1. This conclusion is based 
on the fad  that at 2 K there is a strong signal in the g = 4 region 
(actually split into two signals at 1250 g (g = 5.0) and -2100 
G (g = 3.0)). The intensity of this signal dsreases with increasing 
temperature, indicating a depopulation of this state as the tem- 
perature is increased. This temperature dependence is consistent 
with the lowest energy state being the Kramers doublet from 
the S = 3/2 state. It is difficult from these spectra to determine 
how close in energy the *I / ,  (S = I/ ,)  and (S = 'Iz) ex- 
cited-state Kramers doublets are. However, the fit of the vari- 
ablefield magnetization data for complex 1 is consistent with the 
i3/, Kramers doublet as being the lowest energy excited state. 
In fact, zero-field interactions could mix the (S = '13 and 

In Figure 5 are plotted the eigenvalues from the variablefield 
magnetization analysis (S = 3 / 2  state only) in the field range 
examined in the EPR studies. In terms of assigning transitions 
obmved in the 2 K spxtrum. we can immediately ascribe a signal 
at g = 2 to the m, = - I / ,  - +I/, transition for H,. Likewise, 
there should be another transition at approximately 1600-1700 
G from the lowest zero-field split component of the ground state 
for I f , .  Based on the magnetization studies, these are the only 
two transitions which should be obsc~ed from the ground state, 
since the higher lying component of the S = '/, state is not split 
for H, and them, = -'I2 - +'I2 transition is forbidden for Ifll. 
However, as indicated above, it is clear that there are more than 
two transitions present in the spectrum. There are two possible 
origins for these additional absorptions: (a) the ground state, 

(24) (a) Did. H.; Chang, HA.: Nilgea. M. J.: Zhang. X.: Potenza. J. A,; 
Schupr. H. J.; Isid, S. S.; Hendrickaon. D. N. 3. Am. Chrm. Soc. 
1989,111.5102. and references therein. (b) Dkmukes, G. C. In Mixed 
V d e e y  System: Applicotiom in Chemistry Physics 04 Biology; 
Pmuida, K.. Ed.; Kluwcr Academic Publishers: Hingham. MA. 1991: 
pp 137-154. 

(S = I/ ,)  Kramers doublets. 
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6. Calculated Boltvnann distributions for the six lowest energy 

statcs of [Mn,0(OzCCH,)6(py),](py) (1). Scc text for details. 

i 
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0 1 2 3 4 5 6 7  

Field (kC) 
"e 5. Ei.g.malm fmm than*ieal analysis of the nlagnaization data 
for [Mn,~OzCCH,),(py),l(py) (I). The field dcpndencics of the 
energies of the and +'I2 Knmera doublets for the S = ' I2 ground 
state are shown. The direction of the applied field is indicated in the 
upper left m e r  of each plot. 

analysis, is actually split by a rhombic term: and (b) thermal 
population of excited states which are EPR active. The fact that 
the relative area of the g B 2 region increase with increasing 
temperature makes this latter option attractive in explaining the 
second transition in the g D 2 region. 

In Figure 6 is plotted the Boltzmann distribution over the six 
lowest energy states b a d  on the results of the magnetization 
studies and the bulk susceptibility measurements presented in 
Figure 1. The curve marked as I is obviously the population in 
the ground state, i.e., the lower energy =tal2 Kramers doublet of 
the m f i e l d  split S = state. As discussed above. this Kramers 
doublet should give rise to two EPR transitions with g, = 2 and 
g, 5 4. Curve 2 gives the population in the Kramers doubla 
of the S = ' I2 state, which in the absence of rhombic zero-field 
splitting is EPR silent. Cum 3 is the population in the fmt excited 
spin state of the complex, which has S = ' I p  It is clear from this 
plot that this low-lying excited state, which would be expected 
to show a transition at g I 2. has some population at low tem- 
perature. Moreover, as the temperature is increased. the relative 
population of this state compared to the ground state increases. 
Curves 4-6 show the populations of higher lying excited states 
with S = It2. S = ' I2, and S = 'I2. respectively. None of these 
states are significantly populated at 2 K and therefore are not 

althhougbsdoquatclyhandledbyananialtcnninthemagnclization 

0 50 100 I50 200 250 300 350 
Temperature IK) 

Figm I. Plot of effective moment versus tempentun for [Mn@ 
(0,CPh)6(py)2(H~O)].'/z(CH,CN) (2). Data were oallcned in an a p  
plied field of 10.00 kG. Scc text for penmeters. 

expected to contribute to the EPR s p e c "  at this temperature. 
Thus, we believe that the lowest lying S = I/, excited state is at 
least in part responsible for a second transition in the g D 2 region 
at 2 K and BS well accounts for the increase in the area fraction 
ohserved bctween 2 and 15 K. Figure 6 reveals that all six stated 
are significnntly populated above 20 K, making specific inter- 
pretations of the spectrum collected at 30 K difficult. 

C d - S t a t e  Variability: Effects of Ligaa Substiintion. On 
the basis of the above reexamination of the 10-kG susceptibility 
data for complex I, we decided to take a m n d  look at the data 
for the other mixed-valence manganese compound reported by 
Vincent and co-workers.'" A plot of M versus temperature for 
[Mn,0(02CPh)6(py)2(H20)].112(CH,CN) (2) is given in Figure 
7. The fitting by Vincent et al.'" resulted in parameters of g 
= 2.1 I, J = -7.3 cm-l, and P = -10.9 cm-I. The solid line in 
Figure 7 is our refit of these data, which gave g = I .99. J = -6.5 
an-'. and P = -4.5 cn-' with the TIP and pmmt impurity fued 
at 2.00 X IO-' cgsu and 0.00%. respctively. Both analyses give 
S = ' I2 ground states. although the present fit gives a somewhat 
improved fit to the data for complex 2 than docs that reported 
in ref loa. The difference between the two fits lies predominantly 
in the ratio of J I P ,  where JIJ' < 1 for Vincent et al. and JlP 
> I for our analysis. In Figure 8 is shown a plot of the eigmstata 
of cq 3 as a function of this ratio calculated for J < 0 and P C 
0 (i.e., both interactions are antiferromagnetic). It can bc sccn 
that although the nominal value of S, is the same from both 
analyses, their positions on this plot and hence their excited spin 
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Figure 8. Plot of the eigenvalues of eq 3 calculated for J < 0 and J* < 
0 in units of IPl. States are labeled as (&,.SA), where S,  is the total spin 
and SA is the value from coupling of the spins of the two Mn"' ions. 

state distributions are quite different. This is due to differences 
in the value of the SA component comprising the ground state, 
where SA = 2 from Vincent et al.IO" and SA = 3 for the present 
fit. As with complex 1, an analysis of the relative error surface 
for fitting the susceptibility data of complex 2 reveals that the 
previous fit represents a local minimum, whereas the present fit 
represents the global minimum in parameter space. 

X-band EPR spectra for a polycrystalline sample of complex 
2 were collected in the range of 4-3 1 K and are given in Figure 
9. These spectra clearly show that there is a change in the ground 
state of complex 2 relative to complex 1. The parameters found 
for complex 2 indicate the presence of a S = 3/2 state 3.8 cm-I 
above the ground state. The EPR spectrum run at 4 K should 
thus be dominated by a signal from the (S = 1/2) Kramers 
doublet ground state. There could be a very small contribution 
from the low-lying S = 3/2 excited state. This is, in fact, what 
is observed for complex 2. At 4 K a broad signal (AH = 800 G) 
is observed at g = 1.78 with a weak signal at low field (g = 4). 
As the temperature is increased, the low-field signals increase in 
relative intensity. In the 31 K spectrum the bump at low field 
occurs at g = 5.46 (1 180 G). This temperature dependence is 
roughly opposite to that observed in complex 1, consistent with 
predictions from Figure 8 which would indicate a reversal in the 
ordering of the lowest energy spin states between the two com- 
plexes. Furthermore, upon examination of the low-temperature 
perf data for complex 2, it becomes clear that the ground and 
low-lying excited states of the two compounds must be different. 
The effective moment for complex 1 at 6.00 K is 3.61 fie whereas 
for complex 2 it is 2.86 pE. While the data for complex 1 appear 
to exhibit a plateau, Le., show a decrease in t3perr/aT below 10 
K, a similar trend is not apparent in the data for complex 2. Thus, 
there is evidence even in the variable-temperature 10-kG sus- 
ceptibility data that these two complexes have different ground 
states. This is confirmed by the EPR spectra. 

The change in the ground state from (S = Kramers 
doublet for complex 2 relative to the (S = 3/2) Kramers 
doublet ground state for complex 1 raises several issues which 
should be noted. The most important point is the fact that, upon 
substitution of H20 for pyridine ligation on the Mn" ion, the spin 
of the ground state has changed from S = f to S = A 
comparison of the fitting parameters for the two complexes shows 
that this change results from only very minor changes in the 
absolute magnitudes of the exchange parameters. This serves to 
reiterate a point which we have made previously with regard to 
spin frustration in polynuclear transition metal comp1exes.l~" This 
is the fact that very often it can be the ratio of competing coupling 
pathways and not so much their absolute magnitudes which 

T = l S K  

T = 1 0 K  

Field (kC) 
Figure 9. X-band EPR spectra for a powdered sample of [Mn30- 
(02CPh),(py)2(H20)]J/2(CH3CN) (2). Numbers in the left-hand 
column indicate relative spectrometer gain values. 

characterizes the electronic structure of these complexes. Spin 
frustration is a concept which is readily understood in the context 
of triangular spin systems such as the p3-oxide complexes con- 
sidered here. The essence of the problem can be described as 
follows: if in the generalized Mn30 triangular complex shown 
above all M w M n  interactions are antiferromagnetic and of the 
same magnitude and the spins on Mn(1) and Mn(2) align anti- 
parallel, what orientation should the spin vector on Mn(3) assume? 
In the case of complexes 1 and 2 where the mixed-valence nature 
of the system destroys the symmetry of the above problem, one 
needs to begin considering varying degrees of spin frustration. 
Thus, movement along the x-axis in Figure 8 can be likened to 
varying the degree of frustration, Le., the dominance of one in- 
teraction over another within the molecule. The change in the 
ground state on going from complex 1 to complex 2 results from 
a decrease in the dominance of the J interaction over the J*  
interaction. This decrease comes about even though the absolute 
magnitudes of the interactions are larger in the case of complex 
2. 

In terms of the nature of the two ground states, the S = 3/2  
ground state in complex 1 is characterized by SA = 4, whereas 
SA.= 3 for the S = l/z ground state in complex 2. Thus, as the 
ratio J /  J* decreases, the tendency to produce an antiparallel 
alignment of spins for the Mn"-Mn"' interaction in complex 1 
is countered somewhat in complex 2 due to the larger influence 
of the Mnlll-.Mnlll interaction J*. This gives a smaller value of 
SA for complex 2 and a reduction in the total spin of the ground 
state. Note that if the situation were different, that is, if initially 
J / J*  < 1 and the system continued to favor J*  upon ligand 
substitution, the total spin of the system would have increased. 
It is not simply the fact that the magnitude of the coupling 
constants has increased slightly from complex 1 to complex 2 that 
caused the reduction in the spin of the ground state, but rather 
changes in the ratio J f P  which dictated the trend. If, for example, 
the value of Jincreased to -10 cm-l and J+ increased to -100 an-', 
the ground state would have S = 
Concluding Comments 

The reason for the observed changes in the coupling constants 
in complexes 1 and 2 is not clear. The changes are only on the 
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order of 1-2 cm-I, vanishingly small compared to changes in bond 
energies and vibrational quanta which likely ensue following ligand 
substitution. It is likely that the changes reflect changes in the 
orbital energies on the Mn” ion on going from a r acceptor ligand 
like pyridine in complex 1 to the relatively hard Lewis base H 2 0  
in complex 2. This change likely has an effect on the energetics 
of through-bond interactions but trying to associate energy changes 
of a few wavenumbers to these geometric changes would be 
tenuous at best. In actuality, we feel that the difficulty in ac- 
counting for such a small change in energy is one of the attractive 
features of our results. That is, we have observed that very minor 
changes in the energies of pairwise exchange interactions can lead 
to a change in the ground state of a complex. 

The present results do lend some support to the assertions by 
Brudvig et alei5 regarding the origins of the g = 4.1 and multiline 
g = 2 pattern from the OEC. Their model assigns both transitions 
as originating from the same tetranuclear complex, with changes 
in the conformation of the protein stabilizing or destabilizing a 
S = excited state relative to the S = 3 / 2  ground state. We 
have shown it is possible to stabilize a S = 3 / 2  ground state in 

a polynuclear Mn complex. Clearly, the oxidation states in 
complexes 1 and 2 bear little relation to what is likely present in 
S2, but complex 1 is to our knowledge the first polynuclear Mn 
complex which has a well-characterized S = 3 /2  ground state. 
Perhaps more importantly with respect to PSI1 is that there are 
strong indications from this work that by making relatively minor 
changes in the periphery of an exchange-coupled complex it is 
possible to significantly alter the electronic structure of a complex 
even to the extent of changing the ground state. 
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The preparation and characterization of novel platinum complexes with the 4.4’-dipyrazolylmethane (dpzm) ligand is described. 
Some proposed conformational isomers of the square-planar, dinuclear platinum(I1) complexes a-[Cl,Pt(p-dp~m)~PtC1~].0.5dmf, 
j3-[CI2Pt(p-dpzm),PtC1,], and y-[C12Pt(dpzm)2PtC12].2dmf and the corresponding octahedral platinum(1V) complexes a- 
[C14Pt(p-dpzm)2PtC14].0.SH20 and 6- [C14Pt(p-dp~)2PtC14]-0.Sdmf~0.5H20 have been synthesized and characterized. Inter- 
conversion of the conformational forms for each oxidation state can be accomplished by various means. The mononuclear complexes 
cis-[PtCl,(dmf)(dpzmH)]Cl and cis-[PtC14(dmf)(dpzmH)]CI.0.5dmf and dinuclear mixed-oxidation state complex [Cl,Pt(p- 
dpzm),PtC12] were also prepared and characterized. The X-ray crystal structure determination of y- [C12Pt(dpzm)2PtC12].2dmf 
is reported. The complex exists as discrete molecular units with strong hydrogen-bonding to dmf solvent molecules. Each platinum 
atom is coordinated to two bridging dpzm ligands in a cis geometry. The crystals are monoclinic, space group P2,/n, with cell 
parameters a = 9.790 (1) A, 6 = 13.444 (2) A, c = 12.174 (2) A, j3 = 105.74 (l)’, and Z = 2. The structure was solved by the 
heavy-atom method and refined to R = 0.036 based on 2816 reflections. 

Introduction 
Apart from the work of Cuadro and others,] there have been 

no reports of complexes containing the 4,4’-dipyrazolylmethane 
(dpzm) ligand nor any studies of potential anticancer properties 
of its metal complexes. It is known that the ligand itself is not 
cytotoxic against HeLa cells in vitroe2 

Dinuclear platinum(I1) complexes have been described recently 
in a series of papers by Farrell et ale3-’ These show very good 
anticancer activity including activity toward cisplatin-resistant 
cell lines. The complexes possess two platinum centers which are 
bridged by a single diamine ligand such as l,4-butanediamine. 
In contrast, the present work describes two platinum centers linked 
by two bridging ligands. Both types of dinuclear complexes 
represent new classes of anticancer agents. Unlike the aliphatic 
diamines used by Farrell and co-workers, the d p m  ligand is forced 
to act as a bridging bidentate ligand, being unable to form a 
chelate ring involving the same metal center. Some new mono- 
nuclear complexes of platinum(I1) and -(IV) have also been 
isolated from acid solutions employing conditions similar to those 
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used by other workems The in vivo anticancer drug screening 
and unique in vitro DNA-binding results for a selected number 
of complexes will be reported sub~equently.~ 
Experimental Section 

Materials and Methods. Elemental analyses were performed by the 
Australian National University Microanalytical Service. Platinum was 
determined gravimetrically following decomposition of the complex in 
N2/methanol vapor. Pyrazole, methylene bromide, and methyl iodide 
were obtained commercially (Aldrich). The ligand dpzm was prepared 
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