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The calculations on magnetic exchange interaction eF€DFeCf>~ and the related modeling compounds
were performed by using the density functional theory coupling the broken symmetry approach. The calculated
results show the absence of a direcifet--FeC{ magnetic coupling and the effect of the terminal Cl ligands

on magnetic exchange interaction in fF@—Fe}**, while the protonation af-oxo bridge reduces significantly

the magnetic coupling constadtvalue. On the other hand, thkevalue is insensitive to variation of the
Fe—O—Fe angle; however, the dependence of dhealue on the FeO distance can be expressed as an
exponential function, while th&value keeps a constant to the variation of theHDdistance in the:-hydroxo
andu-aqua bridges. Molecular orbital interaction is applied to explain the magnetic exchange interaction in
u-0xo bridged iron(lll) dimers. The validity of qualitative magnetstructural correlation for the models

used is further confirmed by full geometry optimization.

Introduction connection with the bridging ligantimetal distance dependence

In the past decade, the magnetructural correlation of ~ ©f J: @ following correlation has been suggestéd

binuclear compounds of transition-metal ions has received much

attention both experimentally and theoreticdtty.Most of the —-J=Ae " 1)
transition-metal binuclear compounds are bridged with a wide

variety of bridge ligands, such as chloro, azido, oxo, hydroxo, with A = 8.763x 10 cm™%, B = 12.663 A%, andP is half
oxalato, or more complex bridges, in the manner of singly, the shortest superexchange pathway between the two iron (lII)
doubly, or multiply bridging. Thus, the magnetic properties for ions. Recently, the magnetstructural relationship has been
the binuclear compounds are known to depend mainly on the also found in ab initio calculations for §leOFeC{>~,7¢ which
particular metal ions, the chemical nature of the bridging ligands, is a slight increase of upon lowering the FeO—Fe angle
and bridging geometries. One of the most extensively studied and a qualitatively exponential dependencel ain the Fe-O
families experimentally is hydroxo-bridged copper(ll) binuclear distance.

compounds. These copper(ll) binuclear compounds are also of Experimentally, the magnetic coupling constants (in
particular interest from a theoretical point of view because of Hamiltonian H = — 2J5-%) for the vast majority of oxo-
their simplest magnetic interaction involved in only two unpaired bridged diiron (lll) compounds fall into the 8@.20 cnr?!
electronst Magneto-structural correlation for chromium(lil) range®? However, in contrast to oxo-bridged diiron(lll) com-
dimers with the double hydroxo bridges has also been estab-pounds, the:-hydroxo diiron(lll) compounds have-J values
lished® Recently, several reports have been devoted to oxo-in the 7-17 cnt?® range, with the big(-hydroxo) diiron(lIl)
bridged iron(lll) dimer€ Some attempts to correlate the compounds being at the lower end of this rafiy@hough
experimentally determined magnetic coupling consfantthe additional one or two carboxylate bridge ligands may exist in
bridging geometry for oxo-bridged iron(lll) dimers have been the oxo-bridged diiron (lll) compounds studied, they play a
reported’. The magnetic interaction of these compounds ex- negligible role as the exchange pathways compared to the
perimentally are found to be anti-ferromagnetic, where there bridging oxo%7

are 5 unpaired electrons for each iron(lll) ion with a high spin ~ The rather confusing situation mentioned above arouses us
state, differing from only one unpaired electron involved in each to take again into account the magnestructural correlation
copper(ll) ion for the hydroxo-bridged copper (I) dimers. Thus, for the oxo-bridged iron(lll) dimers. It has recently been
in the case of iron (llI) dimers, magnetic behavior is less easy demonstrated that the broken symmetry approach, proposed by
to rationalize, even some conflicting conclusions occur. A rapid Noodlemarf can offer an approximation to a limited configu-
decrease of magnetic coupling constdnwuith a decrease of  ration interaction and can be successfully applied to study the

Fe—O—Fe anglep from 180" was expected by Gerloddwhile magnetic properties of binuclear and tetranuclear com-
Holm observed a slow decrease Dbivith ¢ decreasinge No pounds*?44-48 |n our calculations, the density functional theory
correlation ofJ with the bridging angle was also reportédn (DFT) coupling the broken symmetry approach (BS) is adopted.
In connection with calculations of magnetstructural correla-
62;5T1°70"é’h%ngﬁrrgsgﬁggggfu.zgﬁf‘c'g‘ be addressed. Fé86-10- tion, the singlyu-oxo bridged anion GFeOFeC§2 in the
t Peking University. staggered conformation is chosen as a pattern of the oxo-bridged
#Hong Kong University of Science and Technology. iron(lll) dimers In a recent report, Rappe et al. calculated
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Figure 1. The scheme of the calculated models.

magnetic behavior for this anion with the eclipsed conformation constant appears to be important only when these counterions
by using ab initio method However, in the case of the eclipsed are coordinated to the metallic centéf® In the case of
conformation, a stronger, nonbonding repulsive interaction exists ClsFeOFeC{2~, the effect of the counterions on the magnetic
between the terminal chlorine atoms coordinated to each iron- exchange interaction can be apparently neglected, except for
(1) center so that the magnetic behavior is complicated as the effect of the counterions on structural parameters of
Fe—O distance or FeO—Fe angle decreaséThe staggered  ClsFeOFeG . In the analysis of magnetestructural correla-
conformation is also a known important conformation for tion, it is useful to employ model structures because the main
ClsFeOFeGf~ experimentallyf26f Recently, we obtained an-  aim in this case is to study the variations of the magnetic
other newu-oxo bridged iron(l1l) dimer with the GFeOFeC§?~ behavior with structural parameters, rather than to calculate the
anion in the staggered conformatidim the present paper, the  coupling constant. In the cases of mod2land 3, the x-oxo
magnete-structural correlation is revisited and further extended bridging ligand and terminal Cl ligands are respectively omitted
to the influence of protonation of oxo-bridge ligand as well as while keeping the other pieces of the molecule fixed to inspect
to the case of multiply bridged iron(lll) dimer; meanwhile, the dependence of exchange coupling constant on these ligands.
molecule orbital theory is applied to explain the magnetic Model4 is protonation of the bridge O ligand, leading to form
behavior observed experimentally. a hydroxo OH bridge ligand, where only the-® distance is
. . optimized. Attaching another proton again to the OH bridge

Computational Details ligand leads to modes, in which the G-H distances and the

Description of the Models.In our calculations, the models H—O—H angle are also optimized. Model compourtdand7
1—7 studied are shown in Figure 1, in which the modets3 with simplified terminal ligands are designed to model the real
are built to analyze the dependence of the exchange couplingmolecules [(HB(pz)FeO(OAc)Fe(HB(pz})]®% and [(HB(pz))-
constants) on theu-oxo bridging ligand and terminal Cl ligands. ~ Fe(OH)(OAc)Fe(HB(pz})] *.%¢ The structural parameters of the
Model 1 is the anion of the [F&bipy)s][Fe.OClg].% Because two Fe centers and bridge ligands for modeénd?7 are directly
the magnetic behavior is sensitive to any tiny deviation of the adopted from the experimental data of [(HBEEpO(OAc)Fe-
molecular structure studied, the geometry structure of mbdel (HB(pz):)]%¢ and [(HB(pz})Fe(OH)(OAcYFe(HB(pz})] ¢, re-
in the staggered conformation is directly taken from X-ray spectively, to examine further the effect of protonation of the
crystallography analysiswithout optimization for structural  bridge O ligand inu-oxo bridged iron(lll) dimer with two
parameters. The FeO distance is 1.765 A, and the F&O—Fe additional supporting-carboxylate bridges. In the case of [(HB-
angle is 148.1 As shown in previous reporté52the inclusion (pz)s)FeO(OACYFe(HB(pz})], the Fe-O distance is 1.785 A
of the counterions in the calculations of the exchange coupling and the Fe-O—Fe angle is 123% For [(HB(pz))Fe(OH)-
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(OAc)Fe(HB(pz})]*, the Fe-O distance is 1.956 A and the When all the terminal Cl ligands are removed and the same
Fe—O—Fe angle is 123°1 calculations are done for the naked fFe—Fe]™* fragment
Calculation on Exchange Coupling ConstantThe magnetic (model 3), the exchange coupling constahtemains almost
interaction between iron ions is studied on the basis of density unchanged-247.2 cn1?), suggesting that the terminal ligands
functional theory coupling with the broken symmetry approach do not have significant effect on the Fe---Fe exchange coupling.
(DFT-BS). The exchange coupling constartshave been B. Protonation of u-Oxo Bridge. The protonation of the
evaluated by Calculating the energy difference between the high-‘u_oxo bridge’ |eading toa hydroxo OH br|dg|ng ||gand (mode|
spin state Exs) and the broken-symmetry statésg) (assuming  4), provides an example to compare the effect of different
the spin Hamiltonian is defined a$ = —2J5-S), according  pridges on the exchange coupling interactions. In our calcula-
to the following expressiof tions, it is shown that directly attaching a proton to the bridge
. O atom results in remarkable weakening of the anti-ferromag-
= netic exchange interaction between the two iron(lll) centers,
Eus — Bgs = [~ Shax(Snax ™ 1) + ZAl(S)'S(SJr D @) with a calculated) value of —110cnT?, less than—244 cni?t
of ClFeOFeC#~ in absolute value. The) value remains

. ; .
whereS corresponds to the spin states of the molecule studied CONstant {110cnT?) when the bridge HO distance changes

and A.(S stands for squares of ClebseGordan coefficients. Lro;n 0'?5 Adtol 1'3}3" Att?ching Sr.l((j)ther*t?agag to tr(;eBOH
In the cases of the anion FleOFeCR~, where S=5/2 and ridge ligand, leading to form a bridge# ligand (modeb),

_ ; ; ; further weakens the anti-ferromagnetic exchange interaction
=5/2, from the spin project method we get the expression as . ,
> pin proj g P between the two iron(lll) centers) & —62 cnt?), while the

follows: o ) ;
exchange coupling interaction between the two iron(lll) centers
Ens — Egg = —25J ) is also insensitive to the HO distance in the bridge 4@ ligand.
When the H-O distance changes from 0.95 A to 1.00 A in
where positive value of the coupling constdidicates a high- ~ Model5, theJ value remains constant-62 cnt?). It appears

spin ground state with parallel spins (i.e., ferromagnetic that the DFT-BS calculations on the protonation of thexo
character). For negative value gfthe broken-symmetry state bridged |r(_)n(III) d|r_ner reproduce the expenmental obst_ervatlon
is lower in energy with opposite spins on iron ions giving rise ©f magnetic behavior for the-oxo andu-hydroxo bridged iron-
to anti-ferromagnetic behavior. (1) dimers %2

All the calculations have been performed using the Amster- C. (NH3)sFeO(OAckFe(NHs)3 (6) and (NHs)sFe(OH)-
dam Density Functional (ADF) package version 2.3he local (OAc)2Fe(NHs)s (7). It has been found experimentally that the
density approximation (LDA) with local exchange and correla- anti-ferromagnetic coupling constant of the [(HB@FEEO-
tion potentials makes use of Vosko, Wilk, and Nusair (VWN) (OAc)Fe(HB(pz})] (—121 cnt?)%25¢js more negative than that
correlation functional$ Becke’s nonlocal exchange correcfidn  of [(HB(pz)s)Fe(OH)(OAcYFe(HB(pz))] ™ (17 cnT2).5¢In the
and Perdew’s nonlocal correlation correctibare added in each ~ previous report826¢ this increase of the anti-ferromagnetic
SCF consistent cycle. We have used the IV basis sets in ADF, exchange interaction in [(HB(pgFeO(OAcFe(HB(pzy)]
containing tripleé basis sets for all atoms and a polarization compared to [(HB(pz)Fe(OH)(OAc)Fe(HB(pz})] ™ has been
function from H to Ar atoms. The frozen-core (FC) approxima- attributed to the shorter FeD distance (1.784 A) when
tion for the inner-core electrons is used. The orbitals up to 2p compared with 1.956 A in [(HB(pg)Fe(OH)(OAc)Fe(HB-
for Fe and Cl atoms and up to 1s for O, N, and C atoms are (pz))]". Nevertheless, both FeO distances and protonation
kept frozen. The numerical integration procedure applied for of the bridge O ligand may have significant influence on the
the calculations is the polyhedron method developed by Velde magnetic exchange interaction between the two iron(lll) centers.

and co-workers? To further understand the influence of the different bridge ligand
in these iron(lll) dimers, two model compounds of the iron(lll)
Results and Discussion dimers, model$ and7, have been designed and calculated with

A. Effect of Bridging and Terminal Ligands. Using DFT- DFT-BS mentioned above.
BS, the exchange coupling constant between the two iron(lll) ~ For multiply bridged -oxo) diiron compounds, the magnetic
centers in GFeOFeCf2~, model 1, is calculated to be-244 coupling constant] is related to the shortest superexchange
cmL. The sign of thel value is minus, suggesting an anti- pathway between the iron centers and the bridge ligand.
ferromagnetic character between two iron(lll) centers. The Experimentally, the oxo bridge in modél is the dominant
qualitative agreement between the calculated and experimentamediator of magnetic exchange coupling, while the hydroxo
values (134 cnrL)safor the coupling constartis good though bridge in model7, as the shortest superexchange pathway of
there is a difference in absolute value. The particular emphasisthis compound, mediates a smaller degree of anti-ferromagnetic
in our calculations is placed on analysis of the dependence ofcoupling than does an oxo bridge. As expected, the anti-
exchange coupling constants on the specific changes in strucferromagnetic exchange interaction between the two iron(lll)
tures. centers for modeb is calculated to be stronger829 cn1?)

To examine the effect of the bridging ligand, we omitted the than that of mode¥ (=75 cnt?).
bridge O atom and fixed the other pieces of the molecule (model To examine the influence of the hydrogen atom in the
2). The relatively small value (~25.6 cnt?) is obtained for u-hydroxo ligand, we delete the™Hin the u-hydroxo ligand
the no-bridged GFe---FeC} species, mod&l. ThisJ value could for model 7 (giving model7") while keeping the other pieces
be considered as the absence of direct exchange interactiorof the molecule fixed. This deprotonation leads to a remarkable
between the two [GFe] fragments. In comparison with the increase of the anti-ferromagnetic exchange interaction (from
calculated] value (244 cnt1) of model1, the smallJ value —75 to—198 cnrl) between the two iron(lll) centers. Consis-
also indicates that the bridging O atom plays a crucial role in tently, attaching a proton (H to theu-oxo ligand for modeb,
determining the magnetic exchange interaction between the twosimilar to model7, and keeping the other pieces of the molecule
iron(lll) centers. fixed (giving model6') leads to significant weakening of the
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. . . 1 Figure 3. Dependence of the calculated magnetic coupling constants
anti-ferromagnetic coupling (from329 to—189 cnt?). Though J of [ClsFeOFeC)|>~ and ChFe(OH)FeC#: on Fe-O distance.
the model pair7 and 6' as well as the model paif' and 6,

respectively, have the same geometrical configuration of the dependence of the magnetic coupling consthon the Cr
model pair, there are different bridge distances in the model O—Cr angle is near parabolic with a maximum o6 cn?

pair: the Fe-O distance of 1.956 A for modelg and 7" and corresponding to an angle of about 1@&hen the bridge angle
the Fe-O distance of 1.784 A for modeBand6'. Thus, the ranges between 9@&nd 120. It is evident that there is diversity

J values of model”’ (—198 cn1!) and modelé (—329 cn?) in dependence of exchange coupling interaction on the bridge
differ from each other, and thkvalues of mode¥ (—75 cn1?) angle for oxo- and hydroxo-bridged transition-metal dimers. Our
and model6’' (=189 cnt?) differ from each other. So far, it  results on the angular dependence are in agreement with that
can be confirmed that the proton in the bridges indeed plays areported by Rapp&

very important role in the magnetic exchange interaction Figure 3 is a plot of the calculatedJ versus the FeO
between the two iron(lll) centers except the dependence on thedistance for GFeOFeC#>~ and CkFe(OH)FeC{~. Their —J
Fe—O distance in the bridge for these compounds studied.  values (in cm') are calculated to be proportional to the

D. Magneto—Structura] Correlation. Usua”y, short Fe fO"OWing exponential functions of the F€O distance respec-
O(oxo) distances are characteristic of the diferric-Be-Fe tively,
unit. Fe-0O distances range from 1.73 to 1.82 A, in which the
average for the 4-coordinate iron(lll) dimers is somewhat shorter —J =3.581x 10%xp(~4.129) 4)

at 1.75 A. The Fe O—Fe angle in thei-oxo iron(lll) dimers is
quite flexible, ranging from 114to 18C. In theAcase of
Fé'(bipy)s[Fe;OClg],”f the Fe-O distance is 1.765 A and the 1 -

Fe—O—Fe angle is 1481 To inspect the dependence of the J=1219x 106exp( 5.274) ®)
exchange coupling interaction on the H@—Fe angle for Equation 4 is for GFeOFeC#2~ and eq 5 is for GFe(OH)Fe-
ClsFeOFeCf, ClsFe(OH)FeCf'~, and CkFe(OH)FeCk, the Clst~, wherer is the Fe-O distance in A. The correlation
exchange coupling constaniwith the change of the FeO— coefficients are 0.9997 and 0.9987 forsE#OFeCG2~ and
Fe angle are calculated by using DFT-BS method. Our ClsFe(OH)FeGit-, respectively, ranging from 1.616 to 1.816
calculated results reveal that the-F@—Fe angle does nothave A varying the Fe-O distance by 0.2 A, from 1.616 to 1.816
significant influence on the magnetic exchange interaction. A, results in a variation of 257 cm for J of ClsFeOFeGR~
Figure 2 is a plot of the calculatedJ versus the FeO—Fe and 157 cm! for J of ClsFe(OH)FeCGi~. The —J value

and

angle for CiFeOFeC§*~, ClsFe(OH)FeC'~, and CkFe(OH)- increases sharply as the® distance is shortened. The similar
FeCk. From Figure 2, it is shown that the exchange coupling sensitive dependence of exchange coupling interaction on the
constants—J for ClsFeOFeC#~ is only changed by 7 cri Fe—O distance has also been recently repofteRappe et al.
with the Fe-O—Fe angle changed from 1330 153. The found theJ value to vary as the fourth power of the orbital

variant range of this angle in our calculations is chosen to overlap between the metal and ligand. Weihe and Gédel
correspond to the sharp change range in the plot of total energyobtained the following angle and distance dependende(iof
versus the FeO—Fe angle reported by Rappe et’alFor cm™1) in HamiltonianH = 1S5S

ClsFe(OH)FeCGft~ and ChFe(OH)FeCk, the variation of—J

is also nearly constant within 138 153, about 11 crm? for J=1.337x 10°(3.536+ 2.488 cosp + co< ¢)

the former and about 9 cm for the latter. It is suggested that exp(=7.909) (6)

—J is insensitive to the FeO—Fe angle for theu-oxo,

u-hydroxo, andu-aqua bridged iron(lll) dimers, contrasted to  wherer is the metal-bridge distance (in A). It is obvious that
the hydroxo-bridged copper(ll) dimers, where a linear variation this conclusion indicates a sensitive dependence of exchange
of J with Cu—O—Cu angle has been obtained experimentally coupling interaction on the FeO distance.

and theoretically¢ In the case of the hydroxo-bridged copper- E. Molecular Orbital Analysis. Frontier Orbital Component.

() dimers for Cu-O—Cu > 97.5, the ground state is a singlet;  Figures 4 and 5 are diagrams of molecular orbital energy levels
however, when CeO—Cu < 97.%, the ground state becomes  of the broken symmetry state forf£eOFeCG#~ and CkFe(OH)-

a triplet. In a recent paper, Castell and Cab&céported the FeCk'. According to the classification proposed by Noodler§fan,
magnetic-structural dependence for the hydroxo doubly bridgedthese level diagrams belong to the mixed level scheme. There
Cr(lll) dimer. Their ab initio calculations showed that the exists a thorough mixing of metaligand character in these
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[ClFeOFeCLf* TABLE 1. Fe—O Distance, the Calculated—J and Mulliken
10 Overlap Spin Population Mz, o
08} —40 HOMO — 15 — 32 HOMO 15— - Fe-O(R) —Jem?Y) M o
sl —2 —> == i ClsFeOFeCi (1) 1.616 457  0.230
I ] 1.666 367  0.209
04l 4 1.716 298 0.191
> 7 1 1.766 243 0.176
2L o2} . 1.816 200  0.164
& 1 s 7 6 __ 1 ClsFe(OH)FeCl (4) 1.765 110  0.114
& %0F T 4 18 67 7 ClsFe(OH)FeCk (5) 1.765 62 0.067
i _02'_ ] (NH3)3sFeO(CHCOO)RFe(NH)s (6) 1.784 329 0.182
g7 — 7— (NH3)sFe(OH)(CHCOORFe(NHy)3 (6)  1.784 189 0.097
o4l i (NH3)sFe(OH)(CHCOORFe(NHy)s (7)  1.956 75 0.093
— 6 7__ (NH3)3sFeO(CHCOOYFe(NHy)s (7') 1.956 198 0.162
06+ —5 __ 5 A
b 5 P
08 240 -
Fe o Fe (e}
o B 220 4
Figure 4. Orbital energy level and orbital component of the broken Mr.,
symmetry state for [GFeOFe(]?". Digital in an energy level indicates (k10°) 2001
the orbital component of the level. The components less than 5% and
component of the terminal ligand CI are omitted. 180 4
[CLFeOHFeCl,] 160 . . , : . :
200 250 300 350 400 450 500
34 N -J fem’*
i HOMO — 19 HOMO 1 . . . .
36 = 128 — 20 N Figure 6. Plot of Mulliken overlap spin population £ 4 vs the
L 6 _ 56— 1 calculated—J value.
33 — 2% ]
_38 - - . . . . .
ligand. This mixture leads a magnetic exchange interaction
Z A0r — 3 i between the two iron(lll) centers through the bridge. In the
342 | — 6 B molecular orbital interaction theory, the interaction degree
Lg between two atoms can be described in term of the Mulliken
g 44 . overlap populatiorMag
5 46 4 .
Mpg = ZPWSW (7
48 — —38 . v
soF —9 1 whereP,, andS,, indicate density matrix and overlap matrix,
e ° - 3 res_pectlvely.. In unre§tr|cted DFT calculation, Mulliken overlap
b spin populationMsag is as follows:
o
Figure 5. Orbital energy level and orbital component of the broken MS. . = zps S (8)
symmetry state for [GFe(OH)FeGJ]*~. Digital in an energy level AB £
indicates the orbital component of the level. The components less than
5% and component of the terminal ligand Cl are omitted. R
P, =P, =P, 9)

occupied frontier molecular orbitals. In comparison of Figure
4 and Figure 5, the protonation of the-oxo ligand in
ClsFeOFeC2 leads to decrease the level of bonding OH
orbital, compared with the lone-pair electron orbital of ghexo
ligand and leads to induce a sharp decrease of the orbita
components of the bridge O atom in the occupied frontier
orbitals for CkFe(OH)FeCJ!~. As shown above, in these iron- ; - !
(Il1) dimers, the magnetic exchange interaction is a superex- the Mulliken overlap spin population of F®. In the case of
change interaction through the bridging ligand. Thus, the ClgFeOFe.CJZ_* with dlfferenF Fe-O distances, the calculated
decrease of the component of the bridge O atom in the occupied—J Value is linearly proportional tEe o (x1079).

frontier molecular orbitals must lead to weaken the superex- s

change interaction between the two iron(lll) centers. In the case M%e-o = 114.06— 0.2552 (10)
of model5, again another proton attached decreases the level
of the second lone-pair electron orbital of the bridge O atom
through forming the second €H bond, and the further

whereo andf indicate the electronic spin state. Table 1 lists
the distance of FeO, the calculated-J value, and the Mulliken
overlap spin population of FeO(0x0), Mg, o, for the models

11, 4,5, 6, 6/, 7, and7' in their high spin state. It is found that
there exists, indeed, a very close relationship between the
magnetic exchange coupling of the two iron(lll) centers and

J is the exchange coupling constant in @mThe regression
coefficient is 0.9995, ranging from 200 to 457 chior the —J

decreases of the component of the bridge O atom in the occupied/@!Ue€s, corresponding to the range ot distance from 1.816
A to 1.616 A. Figure 6 shows the linear correlation between

frontier molecular orbitals further weakens the magnetic ex-

change interaction. the calculated—J and Mi, o (x10%) for ClsFeOFeG# .
Mulliken Qverlap Spin Population Analysigs shown above, ~ Comparison of the calculateldz, , value shows the smaller

in the occupied frontier molecular orbitals there exists a thorough Mg._o Vvalues of modelst (0.114) and5 (0.067) compared

mixture of atomic orbital characters from the metal and bridge with model 1 (0.176), the smalleM;,_ value of model5
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TABLE 2: The Partial Optimized Geometry, Full Optimized Geometry, and Calculated J Value for Models 1, 1; 4, 4; 5, 5

modell modell' model4 model4’ model5 model5'

Fe—0O (A) 1.766 1.834 1.766 1.988 1.766 2.315
Fe—Cl (A) 2.217-2.238 2.2672.293 2.21%2.238 2.1952.222 2.21%2.238 2.156-2.181
O—H (A) 0.98 0.98 0.999 0.986
Fe-O—Fe () 148 150 148 143 148 144
H—O—H (°) 114.6 104.3
J(cm™h —243 -177 —-110 —49 —62 -11

(0.067) compared with modet (0.114), the smalleMz, o 180 AR

value of model6' (0.097) compared to modél (0.182), and 160 [Cl,FeOFeCLI™ (Modelt’)

the smallerM;, o value of model7 (0.093) compared to 140 -

model 7 (0.162). These calculatedl?, , values indeed are 120

correlated well to the calculatetlvalues. It appears that the

qualitative discussion of the dependence of the magnetic ~_ ']

couplingJ value on chemical and structural variations can be E 80

based on the Mulliken overlap spin population analysis. The 7 e [CIFeOHFeCl]" (model)

discussion above is based on the Mulliken overlap spin .- P

population analysis of the high spin state for the model “

compounds studied. The case is true for the broken symmetry 2 C'ﬁFeﬁ{fE@:@ﬂ,,,

state. Recently, Ruiz et al. also reported an excellent correlation 0 oy ]

between the overlap spin population and the calculdtedues
for carboxylato-bridged dinuclear copper(ll) compoufts.

F. Geometry Optimization of the Model and Magnetic
Exchange Interaction. For models4 and5 studied above, the
partial geometry optimization is performed only for positions
of hydrogen atoms in hydroxo- and aqua-bridge ligands.
Geometrical parameters of modeglare directly taken from
structural determination experimentally. To inspect the effect
of geometry optimization on the magnetstructural correlation,
full geometry optimization for model, 4, and5 is performed
with modelsl, 4, and5 to be taken as the initial geometry,
leading the new model¥, 4, and5', respectively.

Table 2 lists the selected optimized bond lengths and bond
angles as well as the calculated exchange coupling conskants
by using the DFT-BS method. All the F&I distances
optimized are not equal to each other because of the initial
structure of modell without an ideal molecular symmetry,
which is taken from the practical X-ray crystallography analysis.
Table 2 reveals that after the full geometry optimization, the
Fe—O in modelsl’, 4, and5' are all lengthened, from 1.766 A
in modell to 1.834, 1.998, and 2.315 A, respectively, for models
1', 4, and5'. The Fe-Cl distance exhibits different behavior.
The Fe-Cl distances in model’ are lengthened from 2.217
2.238 A to 2.267-2.293 A. However, for modelg’ and 5,
these Fe-Cl distances are shortened to 2.335222 A and
2.150-2.181 A, respectively. On the other hand, the-1®
distances in modeld and5 have unremarked variance in the
geometry optimization. As far as variation of bond angles is
concerned, the FeO—Fe angle in model’ is 2° larger than in
model 1, but in the case of model$ and5', the Fe-O—Fe
angles are 1£3and 144, respectively, less than 148 model
1. It appears that the full geometry optimization for modéls
and 5 does not simply lengthen bond distances and increase
bond angles. Also, Table 2 shows that modgls4’, and 5’
optimized have a weaker anti-ferromagnetic interaction compar-
ing with modelsl, 4, and5. The decrease of the corresponding
coupling constant in absolute value should be attributed to
the longer Fe-O distance in modeld’, 4', and5' optimized.

To examine the validity of the magnetstructural correlation
obtained from model4, 4, and5 studied above, the exchange
coupling constantd with change of the FeO—Fe angle and
the Fe-O distance are again calculated by using DFT-BS
method for modelsl’, 4, and5'. Figure 7 is a plot of the
calculated-Jvalue versus the FeEO—Fe angle for GFeOFe G,

T T T
140 145 150 155

Fe-O-Fe Angle/degree

T
130 135

Figure 7. Dependence of the calculated magnetic coupling constants
Jin modelsl', 4, and5' optimized on Fe-O—Fe angle.

ClsFe(OH)Fedd!, and CkFe(OH)FeCk optimized. Figure 7
reveals obviously that after the full geometry optimization, the
—Jvalue is also insensitive to the F&—Fe angle for the -oxo,
-hydroxo and -aqua bridged iron(lll) dimers, and the same
dependence of th&value on the FeO—Fe angle is obtained
as in the case of models 4, and5. The dependence of the
value on the FeO distance for modelgl, and 5' is also
established to be proportional to an exponential function of the
Fe—O distance as follows, respectively,

—J=9.15x 10exp(—4.0r) (12)

and

—J=1.86x 10%exp(—3.6) (12)
wherer is also the Fe-O distance in A, and is in cmL. Thus,

the validity of the dependence of the exchange coupling constant
J on the bridge angle and bridge distance, obtained from the
models with partial geometry optimization, is further confirmed
though equations 11 and 12 have a different padvand factor

A'in eq 1 from equations 4 and 5. It is shown that the model
method with the partial geometry optimization is a useful
approach in study on qualitative magnegtructural correlation,
especially to larger molecules.

Conclusions

The calculated results show that DFT-BS method indeed
provides a useful and practicable approach for the dependence
of magnetic exchange interaction between the two bridged metal
centers on variation of the chemical nature and structure of the
bridge. In the present paper, the calculated magnetic coupling
constants agree with experimental observation for the bridged-
transition-metal dimers with five unpaired electrons on each
metal center. These oxo-bridged iron(lll) dimer systems studied
obviously increase electronic complexity compared to the
bridged Cu(ll) dimer and the bridged Cr(lll) dimer. The former
has only one unpaired electron on each Cu(lll) center, and the
latter has three unpaired electrons on each Cr(lll) center.
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