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Model Molecular Magnets
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The local spin method suggested previously for defining the spin state of an atom in a molecule is applied
to model manganese complexes with three and four manganese centers. This method extracts from the wave
function a spin for the manganese centers that has been compared to the one suggested by chemical intuition.
Density functional theory (DFT) calculations with various total spin projections in the “up” direction, M, but
controlled|M| for each manganese center, gave a set of energies that were fit to the Heisenberg Hamiltonian.
The eigenvalues of this model Hamiltonian then predict the ground spin state and the preferred combinations
of spin orientations of the manganese centers. In some model complexes, changes in the wave function for
each spin solution made the Heisenberg Hamiltonian unsuitable for fitting. For a dinuclear manganese complex,
complete active space self-consistent field calculations were performed and are in reasonable agreement with
the DFT results.

Introduction calculation for the other low-spin states in this example with
20 electrons in 20 singly occupied orbitals.

The standard theoretical approach to this problem is to follow
Ghe example of Noodlemarand replace eq 1 with

Transition metal complexes that contain multiple manganese
centers have been a source of increased interest in both th
theoretical and experimental communitidduch of this interest
has stemmed from the propensity of Mn aggregates to possess _ .
a ground-state spin that is nonzero. Such “molecular magnets” Ex=Eo+ Z Jng S Sek @
arise from either ferromagnetic interactions between some if
not all of the Mn atoms and/or spin frustration effects. The
temperature dependence of the magnetic susceptibility of thes
complexes is often fit to energy levels predicted by a Heisenber
model Hamiltonian

where the subscript denotes the approximate method used in
the calculation. This method uses a sequence of calculations
Swith single Slater determinants that are not even approximately
geigenfunctions of$?, but are still eigenfunctions o8, with
eigenvaluesvl and are approximately eigenfunctions of all of
the Sa2 and S,a with eigenvalues §Sa + 1) and & Sa,
H=E,+ 2 JneSaSe (1) respectively. Often density functional theory (DFT) energies are
used even though DFT provides only a total density and not a
In this equation, it is assumed that the molecule contains a fewwave function. If it is possible to obtain energies for a sufficient
magnetic centers and that a family of states is to be describednumber of suctX, with the rest of the wave function essentially
by coupling these spins with no other changes in the electronic unchanged, then eq 2 can be regarded as a set of linear equations
structure. The exchange parametdrsare specific to this one  for the exchange couplingdss. To solve these equations, it is
family of states and would change for other states of the first necessary to assign values[®-Sglil. If Sa-Sg is written
molecule. It is assumed that each magnetic center has a well-in the form
defined spin & so that the eigenvalue &2 is Sy(Sa + 1) for
all states within this family. Usually, s assigned by chemical Sa'Ss =SSt (SiaS g T S 45,p)/2 3
intuition based on formal oxidation numbers. o )

The eigenfunctions of eq 1 may be expanded in the basis of then it is clear thatSa-Sglx for A = B is equal toMaMe for
states formed as the antisymmetrized direct product of the @y wave function with well-defined values 8f, Ma, Ss, and
eigenstatesSaMaTof Sa2 and S, associated with each center. Ms- Summing these averages overAndB gives[$?equal
Each of these, in turn, may be regarded as a linear combinationt® M? + Snax WhereSyaxis the maximum value dsand is the
of Slater determinants formed by powers of a step-down operatorSUM of theSs. This value off S*Cwill usually differ somewhat
acting on the single Slater determinant representeBk§all from the actugl average computed.wnh tht_e spln-u_nrestncted
For a molecule with four dS = 5, transition metal centers, Slater determinant because of spin polarization in the ap-
the Heisenberg Hamiltonian will have a total of & 1296 proximate wave functi_on. Alternatively, when onIy_ two radical
eigenstates involving a total 0P2= 1 048 576 Slater deter- ~ Centers are involved, itis common to repl&eSs with (S* —
minants. Only the simplest one of these eigenstates with S andSA” — Se?)/2 so that
M both equal to 10 can be expressed by a single Slater
determinant. Few electronic structure programs are capable of (BprSel= [[SZD_ SACROEE S 2 (4)

doing a complete active space self-consistent field (CASSCF
"9 P Ve sp ! leld ( ) and[$*[s evaluated with the same wave function as the energy.

*To whom correspondence should be addressed. Email: davidson@ Hence, this approach requires a method for extracting the
indianaedu. values of eachiBa-Sglx from a wave function. To do this, we
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need to replace the phenomenological spin oper&gwith were computed with the unrestricted B3LYP density functional
operators acting on the electron coordinates so that averaggUB3LYP) method as implemented in Gaussian 98[he
values from electronic wave functions can be computed. LANL?2 pseudopotential and the LANL2DZ basis set were used

In a previous publicatiof, we suggested that a set of for Mn.2 For the complex with three metal centess, the
Hermitian one-electron position-space projection operators, 6-31G* basig was used for O and H. For the complexes with
Pa(i) associated with atomic centers could be defined so that four metal centersB andC, the 6-31G* basis was used only

for the twous bridging oxygens, and all other atoms had only

PaPg = 0gPa ®) a 6-31G basi8.For the purpose of this paper, the DFT Kehn
Sham orbitals were used to form a Slater determinant that was
and then treated as an approximate wave function.
P —1 (6) The local projectors were defined using the following atomic
Z A radii; 0.97 A for O, 0.44 A for H, and 0.99 A for Mn. This

radius for Mn generally results in populations that agree with

the AIM populations for charges on the Mn betwe&g and
+3, because the volume around the Mn that originally contained
N the 4s orbital is assigned exclusively to the ligands, whereas
Sa=Y S(i)P,(i) ) the 3d region is assigned exclusively to the metal. In previous
= work,2 we found that the choice of the metal radius had a large
effect on the computed net charge but only a small effect on

These sum toS, commute forA = B, and obey the the local spin properties.

commutation rules defining a spin operator. Furth®z;Ss Energies and KohnSham determinants were computed with
commutes W|tk$2. Therefore, the local spin operators haye most 4| singly occupied orbitals having “spin-up”. The number of
of the properties assumed for the phenomenological Spin opitals to be singly occupied were chosen by chemical intuition
operators. We have previously discusséde evaluation of 15 match the expected result for high-spin Mn centers with the
average values da-Sg and the related average, of the net  hominal oxidation number (i.e., MnS = 5/, with five singly
spin in thez direction associated with centé; S, and the occupied d orbitals or Mk S= 2 with four singly occupied d

In terms of these projectors, microscopic operafysnay be
defined as

averageNa of the operatoPa. _ _ _ orbitals). Convergence to the high M spin state was generally
For @he special case of a spin-unrestricted single Slater easy. The geometry was optimized for this situation, and then
determinant/$Sa-Sglis given by all other energies were computed as “vertical” energy differences
3 1 for this fixed structure. The Mn d orbitals from the high M
B\ S _éBAB + mymg + EUAB (8) calculation were localized, and those on selected metal centers
had their spins reversed to generate initial guesses for states
for A = B, whereas folA = B with some metal centers having “spin-down”. With some effort,

we were finally able to get converged energies and KeBinam
3 1 determinants corresponding to situations where each metal atom
S= é;BBAB + 1 + EFA 9) hadMa = +Sx to a good approximation, but the actual signs of
= Ma spanned all possible combinations.

Here,Bag is the Wiberg-Mayer bond ordef,Uag is the density For each of these KohrfSham determinants we computed
of intrinsically delocalized spid,andFa is the “free valence” the expectation values in egs 8 and 9 with the MELD suite of
(or “unpaired”) density on centerA. Note that ifma2 = Sy2 programst® Then eq 2 was solved for thiecouph_ngs using
andY,Fa = Sy, then [Sa20will differ from Sa(Sa + 1) by the both the. co_mput_ed averageBa-Sglt anql the nominal values
additional contribution by the bonding electron pairs. Similarly, MaMs Wwith idealized values oMa. A similar methodology,
if Uagis zero,[Ba-Sglwill differ from mamg by a covalentbond ~ USINg idealized[$a-Sglt, has been previously employed by
order contribution. As long as thBag contributions remain ~ Kortus and co-workers, as well as Raghu and co-workers.
constant for all spin states within the family, the affectBaf We also optimized the structure of a complex with only two
on the Heisenberg Hamiltonian is to charfggin eq 1. manganese centergiat-OH):Mn;H,0(OH); (M = %) with the

In this paper, we will choosBa = wa(ri) in eqs 5-7, where same DFT functionals and basis sets as the other three
Wa is one inside a volume associated with atdmand zero ~ Manganese complexes. A single pdvht= /> DFT calculation
outside. These volumes are chosen to be nonoverlapping andVas also performed. Subsequent 9 electron, 10 orbital CASSCF
cover all of space. A point is assigned to voluma if the calculations for the&s = 9, and the lowest energ§= Y/ state
ratio ra/Ra is smaller than this ratio for any other center. The Were then performed with the same pseudopotential and basis
atomic radiiRa are chosen so that the atomic charges agree Sets using HONDO99 at the DFS= 9/, geometry:* The active
closely with the charges computed by Bader's atoms in SPace Was.composeo.l of the 10 d.orbltals of the two Mn centers,
molecules (AIM) method. nine of which were singly occupied.

Previously, we considered complexes containing one and two
Mn' centers Those results using the AIM volumes are similar Results
to the results reported here for complexes with three and four 14 fst complex considered, MB(OH)(H.0)s which we
Mn centers. label A in Figure 1, had three Mhcenters with oneis—0, a
u2>—OH group bridging Mn1 and Mn2, one additional OH ligand
on each Mn, and enough .8 ligands to make each Mn

The focus of this paper is on the method for the spin and tetrahedral. The formal oxidation states &g€for Mn3 and*%
Heisenberg Hamiltonian analysis and not the exact results.for Mn1 and Mn2. The ground state of this system has five
Consequently, we examine simple model “butterfly” clusters singly occupied d orbitals on each Mn with all five electrons
that contain tetrahedral Mn centers. The energies and orbitalscoupled as high-spi§ = 5/,. UB3LYP calculations were done

Computational Method
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A
Figure 1. Numbering scheme for model complexes JMOH,(H20)4 (A), MnsO2(OH)4(H20)s (B), and MnO,(OH)s(H20)4 (C).
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TABLE 1: Energies of Compounds A, B, and C Calculated by UB3LYP, with the LANL2 Pseudopotential and LANL2DZ

Basis Set on M@

A
Mn'1 Mn''2 Mn''3 energy AE(cn?) 520 Mn—Mn Mn-X X=X
) 1 ) —996.3028157 0 63.8 56.9 4.2 2.7
! 1 ) —996.3052545 —535 13.7 13.9 —-25 2.3
) | ) —996.3052545 —535 13.7 13.9 —-25 2.3
t t | —996.3055161 -593 13.7 13.9 2.4 2.2
B
Mn''1 Mn''2 Mn"'3 Mn'"4 energy AE(cnm?) B0 Mn—Mn Mn-X X=X
) 1 ) ) —1328.266152 0 110.0 97.6 8.6 3.8
! 1 ) ) —1328.273667 —1649 34.9 32.9 -1.1 3.1
) I ) ) —1328.273746 —1667 349 33.0 -1.2 3.1
) 1 | ) —1328.272486 —1390 35.0 32.9 -1.1 3.1
t t t | —1328.270301 -911 35.0 33.1 -12 3.1
| | t t —1328.275865 2132 9.9 11.4 —4.4 2.9
| t | t 1328.273835 —1686 9.9 11.4 -4.3 2.8
| t t | —1328.273813 -1681 9.9 11.4 —4.4 2.9
C
Mn''1 Mn'"'2 Mn''3 Mn''4 energy AE(cn?) 50 Mn—Mn Mn-X X=X
) ) t 1 —1327.112538 0 90.1 81.7 4.1 4.2
! 1 ) 1 —1327.116924 —963 34.0 324 —2.2 3.8
) ! ) 1 —1327.117456 —1079 34.0 329 —2.7 3.8
) ) ! 1 —1327.113359 —180 25.0 25.2 —3.8 3.6
) ) ) I —1327.114002 —321 25.0 25.0 —-3.7 3.7
! ! ) 1 —1327.115199 —584 10.0 11.8 —5.4 3.6
! ) ! 1 —1327.116495 —868 9.0 11.0 —5.6 3.6
! ) ) ! —1327.117572 —1105 9.0 11.0 —-5.5 3.5

a A utilized the 6-31G* basis set on O and H, wher8aandC only used the 6-31G* basis set on the bridging O’s and the 6-31G basis on all

other atoms.

with all 15 singly occupied orbitals having “spin-up”, and with

for this set of calculations and the conditions for use of the

all of the spins on one atom opposite to the other two atoms Heisenberg Hamiltonian are satisfied.
(hence, three different calculations). The energies given in Table The source of the splitting in energy with the spin orientation
1 show that having the spin on Mn3 reversed from the other on the atoms is not a through space interaction. Rather, coupling
two gave the lowest single Slater determinant energy. through the bridging oxygens is apparent in the observed
Table 1 also shows that the tot@?0} is very close to the changes inm$y,-SolJand in the extent of spin-polarization of
nominal values of 63.75 and 13.75 expected for these calcula-these oxygens: for exampley; is 0.17 whenM is 1%/,. For
tions. Table 2 presentS$a-Sgand [B.2(for the M = 15/, and the case with all Mn “spins-up”, the produtijn2moz contrib-
5/, calculations. For the various! values, the averaggsa?(] utes+0.39 to[Bunz Sozl) whereas the bond order term in eq 9
changed by less than 0.1, whereas the avelBg&gichanged contributes—0.18, which corresponds to a net bond order of
sign but had little change in magnitude. The absolute value of 0.5. Although thel$yn.-SozlJaverage becomes negative when
(5,45 also changed by no more than 0.01 and remained closeone Mn is “spin-down”, the bond orders change very little. From
to the expected value &f,. The calculated charge, on the Table 2, we observe that the totalcontribution from all the
metal centers was nearly unchanged between the difféent ligand atoms is 0.55 whell = %, but only 0.18 wheM is
calculations but is considerably smaller than the formal oxidation %,. We can then deduce that spin frustration of the Mn leads to
number for each Mn. Thus, aside from differences in the sign spin polarization influences of opposite sign atiie O, which
of [Ba-Sgll) the rest of the wave function remains unchanged cancel each other and lead to more delocalization of the unpaired
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TABLE 2: Local Spin Results for Compound A, Obtained
from UB3LYP with the LANL2 Pseudopotential and the
LANL2DZ Basis Set on Mn and the 6-31G* Basis set on O
and H

Mn'L  Mn'2  Mn'3 43O u-OH
(S0 2.32 2.32 2.31 0.17 0.06
q 1.32 1.32 134 -1.23 136
(S Se
Mn''1 8.25 5.37 5.36 0.21 0.05
Mn''2 8.25 5.36 0.21 0.05
Mn'I3 8.21 0.24 0.14
[s,0 2.31 231 -2.30 0.07 0.06
[Sa-Se]
Mn''1 8.20 533 —5.32 0.00 0.04
Mn''2 820 —5.32 0.00 0.04
Mn''3 813 —033 —0.13
5,0 ~2.30 2.31 2.31 0.04 0.00
S+ Se
Mn''1 812 -531 -530 -027 —0.09
Mn''2 8.19 532 —0.09 —0.09
Mn''3 8.18  —0.06 0.00

TABLE 3: Calculated J Values from Eq 2 from the
UB3LYP Results for Compounds A, B, and C, Using the
LANL2 Pseudopotential and LANL2DZ Basis Set on Mr#

J Mn1 Mn2 Mn3

A

Mn'"2 19(22)

Mn'"3 24(28) 24(28)
B

Mn'2 47(56)

Mn"3 54(63) 50(58)

Mn'"4 30(35) 36(42) 7(8)
C

Mn'2 92(105)

Mn'"3 14(16) 8(9)

Mn'4 9(10) 27(30) —3(-4)

aA utilized the 6-31G* basis set on O and H, wher&sand C
only used the 6-31G* basis set on the bridging O’s and the 6-31G
basis on all other atoms.

spins between Mn and O. The latter is indicated by a small
increase in the magnitude of Mifus—0O) coupling, which in
turn may be responsible for the slightly lower energy of the M
of 5/2 state than for th#/ of 19/, state.

The local spin properties & are further examined in Table
1. There, column eight sums thBa-Sgl terms between each
set of Mn centersy a=mnY s=mn[Ba*Ssll In the high spinM =
15/, calculation, this value is ferromagnetic and contributes 90%
to the totall¥?[of 63.8. Column nine, which sums the interaction
with each Mn and every other atom except the remaining two
Mn centers,y a=mn s=mn[Ba*Sgl) and column ten, which sums
the spin coupling between every atom (excluding Mn) with
every other atom (excluding Mn} a=mnY s=mn[5a-Sgl] yield
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Figure 2. Distribution of spin states for compound from the
Heisenberg Hamiltonian using idealiz&8h-Sgl3.

TABLE 4: Coefficients, C, for the Dominant Terms in the S
= 1/, Ground State of Compound A Expanded in the
|mymymsStates of the Atoms

Mn''1 Mn''2 Mn'"3 C

—-3/2 5/2 -1/2 0.25

—-1/2 5/2 -3/2 —-0.31
1/2 1/2 -1/2 —-0.23
1/2 5/2 -5/2 0.28
3/2 3/2 —5/2 —0.36
5/2 -3/2 -1/2 0.25
5/2 —-1/2 -3/2 -0.31
5/2 1/2 -5/2 0.28

from the idealized$a-Sglt because it is implicitly assumed that
[Ba-Selt has its ideal value in computing the matrix elements
in the basigS;,M1,S,,M»,S3,M3ll Figure 2 shows the distribution
of resulting spin states, with a ground stateSef 1/,. As shown

in Table 4, the dominant term (which only accounts for 13%
of the wave function) hadl = 3/, for Mn1 and Mn2 andvl =
—5/, for Mn3. TheM = 3/, spin function forS= %, is a linear
combination with equal coefficients of the five Slater determi-
nants that can be formed by flipping the spin of one of the five
singly occupied d orbitals. Hence, this one term in the ground
S =1/, state is already a linear combination &f5 25 Slater
determinants with equal coefficients.

The second model complex, MBy(OH)4(H20)s which we
label B in Figure 1, was generated by replacing the H of the
bridging OH group by Mn(OH)(OHB. and reoptimizing the
structure. Hydrogen bonding between ligands on different
centers causd3 to have no symmetry. This “butterfly” complex
then has wingtip Mn3 and Mn4 centers with formal charges of
5/3 and backbone Mn1 and Mn2 with formal charged/gfHere,
the lowest energy calculation still has five singly occupied d
orbitals of the same spin on each Mn. Table 1 shows the eight

values that are net ferromagnetic and contribute 6.6% and 4.2%possible energies for this structure having (a) all unpaired spins

respectively, to the totd?CwhenM = 15/, When one Mn is
“spin-down” the spin coupling between Mn and the ligand atoms
[dominated by[Bun*So1,04] becomes negative which in turn
causes a decrease in the ¥Kn coupling to 13.9, whereas
the ligand-ligand spin coupling remains unchanged.

Two sets of] values were computed fek and are given in
Table 3. One set af couplings was derived assumifia-SglX
had the ideal value of:6.25, whereas the other set (in
parentheses) used the computed values #&a8. This choice
results approximately in a simple scaling of thealue. When
used in the Heisenberg Hamiltonian with idealized values of
the atomic spins, it seems more consistent to usd teained

parallel soM = 10, (b) four ways to reverse the spin of one
Mn soM = 5, and (c) three ways to have the spins of two Mn
opposite to the other two 9d = 0. All calculations givelS?k
close to the ideal value df12 + 10. Table 5 gives the average
values of($a°Sgl for the M = 10 calculation and the lowest
energyM = 0 calculation.

For B, there are seven parameters in eq 1, so we have fit eq
2 to seven of the energies in Table 1. Table 3 presents the
resultingJ values computed with both the idealized values of
[Ba-Selt and the computed values (in parentheses). Again, the
average value§by-Sglx vary little in absolute value between
the different spin combinations, so the results are merely scaled.
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Figure 3. Distribution of spin states for compounB from the
Heisenberg Hamiltonian using idealiz&8h-Sgl3.

Heisenberg Hamiltonian using idealiz&8h-Sg}.

TABLE 7: Local Spin Results for Compound C Obtained
from UB3LYP with the LANL2 Pseudopotential and
LANL2DZ Basis Set on Mn, the 6-31G* Basis Set ompus-O,
and the 6-31G Basis Set on All Other Atoms

TABLE 5: Local Spin Results for Compound B, Obtained
from UB3LYP with the LANL2 Pseudopotential and
LANL2DZ Basis Set on Mn, the 6-31G* Basis Set on the
p3-0O’'s, and the 6-31G Basis Set on All Other Atoms

MRl Mn'2  Mn'3 Mn'4 us—0(1) us—O0(2) Mn"1  Mn"2  Mn"3  Mn"4  u3—O(1) wuz—0(2)

[s,0 2.32 2.32 2.33 2.32 0.17 0.13 5.0 1.91 1.88 2.30 2.31 0.08 0.08

q 1.29 1.28 1.35 1.35 —-1.23 —-1.35 q 1.56 1.55 1.40 1.38 —-1.09 —1.09

Mn'"1 8.26 5.37 5.40 5.37 0.22 0.18 [5a S

Mn''2 8.26 5.40 5.37 0.20 0.18 Mn'"'1 6.39 3.59 441 442 -0.07 -0.07

Mn"3 8.29 5.39 0.23 0.29 Mn'"2 6.23 4.32 433 -0.07 —0.08

Mn"4 8.22 0.39 0.12 Mn''3 8.13 5.32 0.08 0.18
Mn'4 8.17 0.19 0.07

5,0 -2.31 -231 2.31 2.31 0.07 0.03

[(Ba-Sgd 5.0 1.88 —1.86 —2.30 231 —-0.02 0.01

Mn'"1 8.19 531 -—-5.33 -5.32 —-0.01 —0.05 [Ba S

Mn''2 820 -5.33 -5.32 —0.03 —0.04 Mn'"'1 6.26 —3.52 —4.35 435 -0.26 —-0.19

Mn'3 8.18 5.32 —0.33 —0.07 Mn''2 6.15 428 —430 —0.19 —0.25

Mn'4 8.18 —0.16 —-0.24 Mn"3 8.13 —-5.32 —-0.07 —0.03
Mn"4 8.17 —-0.04 —0.08

TABLE 6: Coefficients, C, for the Dominant Terms in the S
= 3 Ground State of Compound B Expanded injm;m,mzm,[]

calculation could have a different orbital vacant. We verified
States of the Atoms

that this did not happen and that the only change in the wave

Mn1 Mn2 Mn3 Mn4 C function was to flip all the spins using nearly the same orbitals.
-1/2 -3/2 5/2 5/2 0.21 The calculated charges shown in Table 7 are slightly larger for
172 =52 512 5/2 -0.33 the M centers than for the Mn Interestingly, both the Mh
gg :gg :ig gg _004469 and Mr' charges irC are larger than the Mincharges irB as
5/2 —3/2 ~1/2 5/2 0.32 shown in Table 5. Further, the charges on e QO’s are less

negative inC which illustrates the difficulty in supporting such
a large formal charge on Mhby donating electrons to the
bridging oxygens. Similar td3, the energy variation in the
different spin solutions o€ is related a slight increase in the
delocalization of unpaired spin density and cancellation of the
spin polarization at the bridging oxygens. It is interesting to
note that inC for M = 9 the sum of the contributions &[]
from the Mn—Mn spin coupling (column eight) is only 81.7
out of the total of 90.1 so that nearly 10% comes from the Mn-X
(column nine) and X X (column ten) spin interactions. For the
next solution in Table 1, the sum over the Mn atoms in column
eight is 32.4 so that only~5% comes from the other spin
couplings.

Table 3 gives thd values computed with both idealized and
computed values (in parentheses)®f Sgll. The energy levels

The J values from the idealized values @a-Sglk were used
to compute the spectrum of the Heisenberg Hamiltonian. The
results displayed pictorially in Figure 3 show that the ground
state isS= 3 even though M= 0 for the best single determinant.
Table 6 shows the dominant terms in this complica®ed 3
wave function for the case thafl = 3. Using step-down
operators on th& = 3 function, one can generate the= 2,
1, ...,—2,—3 wave functions, all with equal energy. The single
configuration with all “spin-up” on Mn2 and Mn3 and all “spin-
down” on Mn3 and Mn4 constitutes less than 0.05% of $he
= 3, M = 0 wave function.

In the final example, MgO2(OH)s(H20)s which we labelC
in Figure 1, the HO ligand on Mn1 and Mn2 was replaced by
an OH. This changed Mn1 and Mn2 to Mrwith four singly
occupied d orbitals to yield tw® = 2 centers, each with a
formal charge of!%. The energies and total spin for this from the idealized values are shown in Figure 4. Here, there
complex are shown in Table 1. @, the averageS?} differ is a slight preference for an intermediate spin ground state with
by up to 1 from the ideal values of 90, 35, 26, 10, and 9, which totalSof 3. Table 8 gives the wave function from the Heisenberg
indicates that the electronic structure changes somewhat for eacifamiltonian forS= 3 andM = 3. The slightly dominant term
spin solution and that this a poorer candidate for fitting by the in this expansion has! = 2 and—2 on the Mn1 and Mn2, but
Heisenberg Hamiltonian. Because of the nominally empty d M = %, and'/, on the wingtips centers, Mn3 and Mn4. This
orbital on the MH' center, it was possible that each spin agrees with the figure that is sometimes drawn for molecules
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TABLE 8: Coefficients, C, for the Dominant Terms in the S
= 3 Ground State of Compound C Expanded injm;mamzm;,[]
States of the Atoms

Mn'"'1 Mn'"'2 Mn''3 Mn' 4 C
-2 2 5/2 1/2 0.23
-1 0 5/2 3/2 0.21
-1 1 3/2 3/2 0.20
-1 1 5/2 1/2 —-0.22

0 -1 3/2 5/2 0.23
0 -1 5/2 3/2 -0.20
0 0 3/2 3/2 —-0.25
1 -2 3/2 5/2 —-0.24
1 -1 1/2 5/2 —-0.24
1 -1 3/2 3/2 0.26
2 -2 1/2 5/2 0.35
2 -2 3/2 3/2 —0.23

of this type showing one of the spins pointing sideways rather
than up or down.

Manganese Calculations with Multi Determinant Meth-
ods. For the case of a complex with only two transition metal
centers, it is possible to perform CASSCF calculations of the
eigenstates of andM. For our purposes, we chose the mixed
valentf,—OH),Mn,H,O(OH); complex, with one Mt and one
Mn'' center. Here, we used an arbitralyalue to solve the
Heisenberg Hamiltonian and predict the wave function of each
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function. It should always be recalled that the Heisenberg
Hamiltonian models a family of states related by spin flipping,
assuming no other changes in the wave function. It may well
happen that the lowest energy low spin state is not related to
the lowest energy high spin state by such a simple spin flipping
relation.

Our DFT results indicate that some mixed valent metal
complexes may experience small changes in the wave function
for each single determinant spin solution, which would make
them poorer candidates for fitting by the Heisenberg Hamilto-
nian. However, it is comforting that the CAS and DFT results
are in reasonable agreement for the dinuclear Mn complex
examined here.
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