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Magnetic Exchange in [Mny(u-O)s(tmtacn),]?": Metal —Metal Bonding or Superexchange?
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A computational study of the trig-oxo-bridged manganese dimer [Mn-O)s3(NH3)g]?™ as a model for
[Mny(u-O)s(tmtacn)]?t (tmtacn= N',N",N"’-trimethyl-1,4,7-triazacyclononane) has been undertaken to investigate
the magnetic coupling in this complex. Although the complex has a very shortNindistance, 2.3 A, and a
large antiferromagnetic exchange constady, 2 —780 cn1?, the calculations reveal that the magnetic coupling
is dominated by superexchange via fhexo bridges and that direct MrMn interaction is small.

Introduction the large antiferromagnetic exchange. They concluded that

L . . Mn,(u-O)s(tmtacn}]?* represented an “interesting borderline
There has been an ongoing interest in the chemical andgasé,(g = J P g

physical properties of oxomanganese clusters for several . . .
decades. The chemical synthesis, reactions, and physical proper:. On the bas'? .Of the finding '.[hat’ for C?f) nfamgl blogtahedra of
ties of these systems are fascinating, not only from a purely f|rst-row transition metals W'th. a’®d® configuration, the
academic viewpoint but also because they occur in a numberMagnetic exchange constant is related to the menial
of enzymes with various structures and functions such as SeParation by the expression
manganese catalase and the oxygen evolving center of photo-
system 11~ Systems containing oxomanganese clusters are also Jop=7.5x 10° exp(-4R) 1)
of great interest in the synthesis of molecular magnetic
compounds and have been used as starting materials taNiemannet all! concluded that direct overlap of the meta d
synthesize larger clusters with novel magnetic propetties. orbitals was the sole pathway responsible for the magnetic
Previously we have reported density functional calculations exchange in this class of compounds. That is, superexchange
on the dix-oxo-bridged Mn dimers [Mg{u-O)(NHa3)g]™* for through bridging ligands did not contribute to the magnetic
n =2, 3, and 4 and examined the nature of the exchange exchange. The number of compounds for which eq 1 holds is
coupling in these complexé$.In general the MW —Mn" surprisingly large, in that it is independent of both the bridging
distance is in the vicinity of 2.7 A, and the magnetic coupling, ligand and the transition metal ion. This in turn suggests that
which is dominated by superexchange via the bridges, corres-the magnetic behavior of this class of compounds is dominated
ponds to 2y = —270 cn1l. In contrast the tri-O-bridged by metat-metal bonding considerations.
species [Ma(u-O)y(tmtacn)]* exhibit very short Ma-Mn bond An interesting comparison is the lack of any correlation
dlstances between 2.3 and 2.4?73(.1G!ven the very short M between the coppeicopper distance and the magnitude of the
Mn distances and the large magnetic exchange const@ifs  gychange constant in copper carboxylate dimers. The direct
= 780 cn1l, the notion of direct overlap of metal orbitals is overlap of the ¢ ,2—d¢ 2 orbitals @ overlap) was one
very appealing. However, byzinallang comparisons of the ,o-hanism proposed to explain the magnetic properties of this
structure of [Mn(u-O)s(tmtacny]*" with a number of related g joq of compound?. However, the absence of amyCu—
com_p_ounds, Wieghardit al. could not make any def!nmve Cu) to —2J correlation was used to show that the magnetic
decision on whether metametal bonding was responsible for coupling was dominated by a superexchange mechatism.

Recently Zhacet al. investigated the bonding in a series of
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144, 1. Mn dimers withu-O and u-RCO bridges and terminal tacn
(2) Que, L., Jr; True, A. EProg Inorg. Chem199Q 38, 97. ligands!4 Although they reported the results of a single-point
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how it relates to direct metaimetal overlap and superexchange a'__ ¢
mechanisms.

Computational Details ag) - }

The calculations described in this work were performed on Linux/ o ]

Pentium Il based computers and Sun Ultra-SPARC 140/170 work-

stations using the density functional program ADF 2!38In addition Spin

to the exchange potential in the local density approximation, the Polarization

correlation potential of Vosko, Wilk, and NusHiand the Beck¥ and

Perdew?® corrections to the nonlocal exchange and correlation potentials e1+ +
ai }

i Metal-Metal
i Interaction

were used. For the main group atoms N, O, and H, dodtbasis
functions with a single d polarization function were employed, and
the 1s cores on the N and O were frozen. For the Mn atoms, iple-
functions were used with a 3p frozen core. Geometry optimizations
were performed using the algorithm of Versluis and ZeigleDan
symmetry was applied to calculations of tBe= 0, 1, 2, and 3 spin

states. Calculations using the broken-symmetry formalism were per- Localized Delocalized Localized
formed inCs, symmetry. Limit Limit Limit
Magnetic exchange constanks € —2JS-S) were calculated usirdy Figure 1. Representation of the broken-symmetry state’efd} face-

shared dimers in both the localized and delocalized limits.
_ 2(E(Sva’ — Es)

W= @) delocalization of the magnetic electrons, and therefore the

ax resulting geometry and extent of metahetal interaction, will
depend on the relative magnitudes of these two factors. Spin
polarization favoring a localized description while metaietal
interaction, by either direct metal orbital overlap or super-
Results and Discussion exchange, results in delocalization.

Without making any assumptions regarding the extent of
elocalization of the metal-based orbitals, the broken-symmetry
state can always be defined @, symmetry by the antiferro-
magnetic configuration ¢&(a.t)1(eh)?(el)2(et)(el)°(ah)(arh)°,
where the magnetic electrons on adjacent centers have opposite
spin. The extent to which the magnetic orbitals involved in the
broken-symmetry state are delocalized over both metal centers
can be determined from the composition of the relevant
molecular orbitals.

There are three spin stateS,= 3, 2, and 0, normally
associated with the broken-symmetry state &fdf confacial
bioctahedra. Each of these spin states is represented by a single
configuration, corresponding to a different level of metadetal
interaction, and are defined here using the full molecular
symmetry Ds,). TheS= 3 associated state has the configuration
(6a'H)1(8eh)3(6e')4(5a' )} that is, it contains the same number

ic;\gir(l)?]p(;f trr?:t?rll;rgng gtr)i?;geg%?hggt%e’mreetsalfltcse':tgrilc’;:(lj' of bonding and antibonding electrons and consequently corres-
9 ponds to a bond order of zero. Ti®&= 2 associated state,

consequent formation of bonding @), €(6,) and antibonding NI Aa V1 2R IAN2

a''(0%), e2'(0,*) molecular orbitals based dbgz, symmetry of S% TZ] cEGr?le% (8;" (I)n ((j?f gT) l’:izzﬁya tt)r? gsd g%e;g;g;z’tfgosqgte
the dimer. The splittings within the energy levels shown in (634'T)l(Gal'l)128éT)2(8él52 correzsponds to a triple bond; that
Figure 1 arise from two very different sources. In the weakly is. theo ando.. orbitals ar’e fully occupied and the and 6’ *
coupled limit spin polarization is responsible for the separation or,bitals are vgcant. For the series of metadlide dimers,yf[he

gf lthe ﬁ;cgﬁ'iﬁﬂtiﬂd \rfcgfnsfl?lﬂop otriblrt]als, Whereal?ttli?] the metal-metal separations at which the minima for the pure spin
bet\?vca i di ed et'b eda N ?C OI calﬁels S'll?h gth states occur were found to be largely insensitive to the metal
etween bonding and antibonding molecular orbitals. 1hus, eion, with bond distances of approximately 2.4, 2.9, and 3.3 A

corresponding to th8= 0, S= 2, andS= 3 associated states,

whereEg is the energy of the broken symmetry state &(8h.y) is the
energy of the highest possible spin state.

Orbital Interactions. We have previously described the d
bonding interactions in face-shared methhlide bioctahedra
for the B—d? configuration?2-2° First appearances suggest that
the qualitative features of the bonding should be the same in
the isoelectronic complex [Mfu-O)s(NHs)g]2", namely, that
a trigonalCs, distortion to an essentially octahedral crystal field
splits the formally metaly orbitals into a and e subsets while
the g orbitals do not split but simply transform as another e
representation. The occupied single igrand e orbitals, derived
from the tyg set, may participate in metametal o and J,
bonding, respectivel§f as shown in Figure 1. In the weakly
coupled (localized) limit, these orbitals remain essentially
localized on the metals and are singly occupied, the ground-
state singlet arising from antiparallel coupling of the spins on
opposite centers. Metametal interaction, through either direct
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M. R.; Singh, D. J.. Fiolhais, CPhys. Re. B 1992 46, 6671, is part of a set of spin stat&= 0, 1, 2, 3. To avoid confusion,

(20) Versluis, L.; Ziegler, T. JJ. Chem. Phys1988 322. we will refer to such a set of states as a spin ladder. IrSthe

g%g ’,\\Iﬂogdleénagi 'E- JLChefJ‘-TPh%/tSNSl 7‘% 5737C-h 1007 36, 3242 2 associated state described above, two electrons are involved

cGrady, J. E.; Lovell, I.; Stranger, Rorg. em A 3 . : . H

(23) McGrad))j, J. E.; Stranger, R,; L%vell, J.gPhys. Chem1997 101, In a_formalo bond, Ie_avmg two unpalre(jn electrons on_ eac.h

6265. Mn ion. Therefore, in terms of the Heisenberg Hamiltonian,

(24) Lovell, T. Electronic structure and bonding in face shared and edge this state is a member of the spin ladder arising from the

shared transition metal dimer complexes. Ph.D. Thesis, The Australian coupling of twoS = 1 ions. Finally theS = 0 state has no
National University, 1998. . ’ A .
(25) McGrady, J. E.; Stranger, R.; Lovell, fiorg. Chem1998 37, 3802. unpaired electrons. The broken-symmetry state is a mixture of

(26) Trogler, W.Inorg. Chem.198Q 19, 697. all the Ms = 0 states within one spin ladder, and the connection
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Table 1. Experimental and Calculated Geometry Parameters, -11.0
Relative Bond Energies, and Spin Density for the
[an(/,{-o)g(NH3)5 2t Cation

S=0 S=1 S=2 S=3 BS obsd -120
Mn—Mn 1.904 2.413 2.147 2.416 2.320 2:3D.41
Mn—0 1.878 1.818 1.846 1.862 1.840  1:8286 > -130
Mn—N 2.157 2.181  2.174 2181  2.184 26817 3
Mn—O—Mn 60.9 83.03 7111 80.97 78.10 %80 g
bond energy 0.00 —2.6407 —3.5650 —3.6414 —4.1614 w  -14.0
spin density
Mn; 1.92 2.92 2.54
Mn; 1.92 2.92 —2.54 -15.0
between the broken-symmetry state and the associated full-

_ ; -16.0 -

symmetry state$ = 0, 2, and 3 can be described as follows. 1.5 20 o5 3.0 35
When the magnetic coupling is weak, the highest and lowest r(Mn-Mn)/Angstrom

spin states within that spin ladder must lie close in energy. For Figure 2. Energy levels of the spin-up magnetic orbitals from the
example, when the broken-symmetry 8wt 3 states are close, S = 3 state plotted as a function of the MMn separation for

the two Mn ions are weakly coupled. Similarly, when the [Mnz(u-O)s(NH3)g]?*.

broken-symmetry state ar®F 2 states are close, then the four

0, electrons are weakly coupled and the remaining two  experimental value of 780 crh. With Snax = 2 the calculated
electrons are strongly coupled, that is, involved in bonding magnetic exchange constant is much larget] = 2405 cn?,
interactions. Finally, when the MAMn separation is small  and therefore significant MaMn ¢ bonding is unlikely to be
enough to form ar and twod, bonds, theS = 0 state is the present. Zhaet al.reported a value of-2] = 1378 cn1? from
ground state. In this case, there is only dne= 0 level, and single-point calculations, using experimental geometries ideal-

as such, the broken-symmetry aBd= 0 states converge. ized to Cs symmetry andSyax = 3.14 The difference between

In principle, it is also possible to define &= 1 associated  the exchange constant calculated by Zbtal.and that obtained
state with the configuration (64)%(8e1)2(8€1)%(5a"1)1, corres- in the present study can be largely attributed to the fact that we
ponding to ad, double bond but with no net bonding. have used optimized geometries for both the broken-symmetry

Considering only the metaimetal interactions, it is difficult to andS = 3 states. However, this agreement can be considered
imagine how such a state could be the ground state or contributesomewhat fortuitous in the sense that eq 2 is strictly only valid
to the bonding in these compounds. Only with the inclusion of when the choseByax and broken-symmetry states are close in
large contributions from ligand-based orbitals is it possible for energy?® As will be discussed later, the optimized broken-
this S = 1 state to impact the bonding in this class of symmetry state witm(Mn—Mn) = 2.320 A does not lie close
compounds. This point is discussed later in more detail. in energy to any of the pure spin states described above.
Geometry Optimizations. The results of geometry optimiza- The magnetic exchange interactions and metatal bonding
tions for the broken-symmetry state and each of the associatedcan be broken down into separate contributions according to
spin states are given in Table 1. The calculated parameters forthe irreducible representations of the point group symmetry. In
the broken-symmetry state fall in the experimentally observed [Mn,(u-O)s(NH3)e]2" there are only two pathways to consider.
range of values, with the exception of the MN distance, The first is the interaction between(d2) orbitals on the two
which is slightly longer than crystallographically determined metal centers which belongs to therepresentation. The second,
values. A separate calculation optimizing the geometry of the which is the result of interaction between thegorbitals on the
broken-symmetry state of [M(u-O)s(tacn}]?>* found that the two metal centers, belongs to the e representation. Since both
structure of the central core is the same as in J(4fO)s- pathways, aand e, can be the result of metathetal bonding
(NH3)e]?t. However, a shorter MaN distance was calculated  or superexchange, any distinction between them must be based
at 1.994 A, which presumably can be attributed to the macro- on the extent to which ligand orbitals contribute to the relevant

cyclic effect. Of interest is that the calculated Mkin bond magnetic orbitals.
distance in [Ma(u-O)3(NH3)e] 2" increases from 1.904 to 2.147 The variation in energy of the magnetic orbitals from e
to 2.416 A for theS= 0, S= 2, andS = 3 states, respectively, = 3 spin-unrestricted calculations are plotted in Figure 2. The

which is the result of the decrease in formal bond order from energy difference between the symmetric and asymmetric
three to zero. However, relative to otherd® dimers, these combinations of a pair of orbitals in tH&,.x State is known to
distances are all very short. For example, in a series of reflect the magnitude of the antiferromagnetic component of a
calculations on isoelectronic [MRg]~, we found that the  particular exchange pathw®3#-30. In a system where bridging
minima for theS= 0, S= 2, andS = 3 states occur at 2.28, ligands make little or no contribution to these orbitals, the
2.54, and 2.78 A, respectively.Yet in [Mn,(u-0)3(NHs)e] 2, general expectation is that at long distancesstaado* levels
the S = 3 state, with its calculatedMn—Mn) of 2.416 A, will be close in energy, similarly for thé, and d,* orbitals.
corresponds tmo metak-metal bonding. Therefore, the short However, this figure shows that at 3.5 A metahetal separa-
Mn—Mn distances, of 2:32.4 A observed experimentally, must  tion, the d.,* orbital 6¢' is 1.96 eV lower than thé,, orbital
be the result of other interactions. The obvious candidates are8e. The obvious candidate for this discrepancy is that at least
the bonding interactions between the metals and the bridgingone of these orbitals contains large contributions from the
-0 ligands.
Magnetic Exchange.Using eq 2 and the bond energies given (28) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975
in Table 1, the magnetic exchange constant is calculated to be, 97 4884. _ _
—2J = 932 cnt! with Shax = 3, in good agreement with the (29) gL%%nl’lgéé"é:eéggr’ G- J; Musselmann, R. L.; Solomon, fdrg.

(30) Barone, V.; Bencini, A.; Ciofini, |.; Daul, C.; Totti, . Am. Chem.
(27) Delfs, C. D.; Stranger, R. Unpublished data. Soc.1998 120, 8357.
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Figure 3. Potential energy curves for tf&== 0,S=1,S=2,S= 3,
and broken-symmetry states in [Mn-O)s(NH3)¢]?".

Table 2. Composition of the Spin-Up Molecular Orbitals Derived
From a Mulliken Population Analysis of the Broken-Symmetry
State Calculated at a MAMin Separation of 2.320 A

Mnl Mn2 (e}
10a 46.93 6.49 41.41
13e 43.77 14.62 35.28
14e 10.39 65.72 20.40
1lla 6.17 76.98 14.28

bridging ligands. Analysis of the atomic orbital contributions
to 8¢ shows it is 2/3 metal based and 1/3 bridging ligand. In

contrast 68 is almost entirely metal based. This is because the

orientation of the relevarO p orbitals is such that overlap with
the 6, orbitals of the metal is small. In the broken-symmetry

state the symmetry requirements are relaxed, allowing substantial

interaction between the meta,@nd g, orbitals and the bridging
ligand p orbitals. In comparison with theand o* molecular
orbitals, the energy difference betweeri(8¢) and 6€(5,*) is
relatively constant over the range of metaietal distances from
2.3 to 3.5 A. It is not until the metal separation drops below
1.8 A that the 68 orbital is energetically higher than ‘8@ he
o and o* orbitals show a similar inversion at long MrMn
separations. Only at approximately 2.5 A does the 6ebital
fall below 5g", indicating that direct g-d2 overlap is now more
important than superexchange via theD bridges for this
magnetic exchange pathway. At the experimental—\m
distance, 2.3 A, the separation between tHediel 8¢é orbitals
is approximately twice the separation between the &ad 5a"
orbitals, suggesting th&, pathway is the major contributor to
the magnetic exchange.

Broken-Symmetry Analysis.Table 2 shows the contribution
of the two M ions and the bridging © anions to thes(!),
o*(1), 0.*(1), anddo™(t) molecular orbitals (10a11a, 13e, and

Delfs and Stranger

Figure 4. A pseudo-three-dimensional plot of the 1Garbital in
[Mn2(u-O)3(NHa)s]2". The cutoff contour is 0.05 (eff2

Figure 5. A pseudo-three-dimensional plot the 13e orbitals in
[Mn2(u-O)s(NHa)s]2". The cutoff contour is 0.05 (eff2

that superexchange mechanisms, mediated by the bridging O
make significant contributions to the overall magnetic exchange.
A third point that can be made about these results is that the
delocalization in the 13é(*) orbital is approximately 2.5 times
greater than that in 1@@), suggesting this is the principal
exchange pathway. The L0and 13e orbitals are shown in
Figures 4 and 5, respectively. Figure 4 shows that dirged.2l
overlap cannot be ignored but is nevertheless small. Conversely
Figure 5 shows substantial overlap between the ligand p and
metal o, orbitals.

To further investigate the metaetal interaction in
[Mn,(u-0)3(NH3)e]>", we have calculated the energies of the
broken-symmetry an&= 0, 1, 2, and 3 associated states as a
function of the Mr-Mn separation. The resulting potential
energy curves are shown in Figure 3. This figure clearly shows

14e, respectively) obtained from broken-symmetry calculations. that the broken-symmetry state, at the experimental metal
The composition of the corresponding down-spin orbitals, which separation, is not well approximated by any of the pure spin
are degenerate with the up-spin orbitals, can be obtained fromstates. The&S= 3 curve has a minimum at 2.416 A, and at this
the latter by swapping the Mn1 and Mn2 contributions. There distance the broken-symmetry curve is substantially lower in
are two obvious points to be made from these data. First, theenergy. Similarly theS = 2 curve does not converge with the
small contributions from Mn2 to the 1Qarbital shows that  broken-symmetry curve unti(Mn— Mn) is less than 2.0 A.
this molecular orbital is, to a large extent, localized on one metal That is, the broken-symmetry state réin—Mn) = 2.3 A, is
center, indicating direct MAMn o bonding is small. Second,  not well approximated by a state with the spins fully localized
the occupied 10aand 13e magnetic orbitals have large on the Mn ions nor by a state with metahetal o bonding.
contributions from the bridging © as was suggested by the However, at this distance the curve for ®e- 3 state lies closer
analysis of the spin-unrestrict& 3 calculations. This implies  to the broken-symmetry curve thaB = 2 and therefore
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represents the beSax state to use in eq 2. Also shown is the
curve of theS = 1 state with the configuration (g4)(6€'*)?-
(6€")%(5a"1)™. This is the lowest energy triplet and represents
the state which would converge with the broken-symmetry state
if the o electrons were localized but th&, electrons were
completely delocalized via superexchange involving the 2p
orbitals on the bridging & ligands.

It is useful to compare the magnetic exchange interaction in
[Mn,(u-O)3(NH3)g]?™ with a related compound, [E@-OH)s-
(tmtacn}]?".2° This compound is considered a rare example of
a class Il mixed valence Fe(HFe(lll) dimer. In a series of
density functional computations on this compound, Barehe
al. calculated the separate contributions of the magnetic
exchange and double exchange terms to $he 9/2 spin

Inorganic Chemistry, Vol. 39, No. 3, 200&95

spin density of 2.54 on the Mn centers, given in Table 1. The
departure from the value of 2.92 calculated for 8w 3 state
can be largely attributed to partial delocalization of ihge
electrons as a result of superexchange.

Conclusions

The results of our calculations have shown that the large
antiferromagnetic exchange observed in @#H&-bridged man-
ganese dimers consists of a complicated mixture of direct and
superexchange pathways. The notion of direct overlap of the
dz orbitals to form a metatmetalo bond is appealing because
of the very short MA-Mn distance observed in these com-
pounds. However, we have found that all possible exchange

ladder?® As is the case in the present study, the superexchangepathways involve significant contributions from the bridging

in the iron dimer was found to be predominantly via the e
pathway, involving the), metal orbitals and bridging ligand p
orbitals. In contrast to the manganese dimer, éhand o*
orbitals of the mixed valence iron dimer have very small
contributions from the bridging ligands and exhibit significant
d2—d2 overlap and hence delocalization of thed electron in
the o* orbital. Accordingly, it seems reasonable to attribute the
lack of d2—d2 overlap in [Mn(u-O)3(NH3)g]?" to the contrac-
tion of the 3d orbitals in the formally Mt compared to F&

and Fé". The contracted nature on these orbitals would
normally lead to increased single-ion spin polarization energy
and thus, on the basis of Figure 1, a more localized description
of the magnetic orbital&2331However, we have previously
shown that the increased metdigand covalency arising from
the higher charge on Mh compared to M" ions actually results

in a smaller spin polarization term for Mththan C#*. Thus,

it can be concluded that the decrease in the metal orbital overlap

largely contributes to the localization of the metal-based
electrons in [Ma(u-O)3(NHs)g]?". The more or less localized
description of thes electrons is consistent with the calculated

(31) Charles W. Bauschlicher, J.; Walch, S. P.; Langhoff, S. Runatum
Chemistry: The challenge of transition metals and coordination
chemistry Veillard, A., Ed.; D. Reidel: Dordrecht, The Netherlands,
1985; Vol. 176.

ligands. Although we cannot entirely rule out direct metal orbital
overlap as a contributor to the total magnetic exchange
interaction, the results of these calculations show that the
unpaired spin density is largely localized for the i6®gnetic
orbital, which is the pathway responsible for metaietal o
bonding. The magnetic orbitals were found to be approximately
40% O 2p character, and the delocalization of the spin density
in the 13e orbitals was approximately 2.5 times that in thg 10a
orbital. Hence, it is concluded that the dominant magnetic
exchange pathway is superexchange viadherbitals on the
metal ions and the 2p orbitals on theD bridges. These results
are contrary to the perfectly reasonable conclusions made by
Niemannet al. based on the experimentally determined magnetic
exchange constants and metaietal separations of a range of
confacial bioctahedra of first-row transition metal complexes.
We can only postulate that the reason BRO)s(NH3)e]?* fits
neatly into this magnetostructural correlation is that the super-
exchange contribution to the magnetic exchange is comparable
to that expected for direct overlap of the metal atbitals.
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