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ABSTRACT: New heterobimetallic tetranuclear complexes of formula [Fe™{B(pz),}(CN),(u- \\
CN)Mn" (bpy),5(CIO,),- CHyCN (1), [Fe™{HB(pz)} (CN),(u-CN)Ni(dmphen), ]o(CI0,),- (0 [} N )
2CH;0H (2a), [Fe™{B(pz)s}(CN),(u-CN)Ni"(dmphen),],(ClO,),-2CH;0H (2b), [Fe™ j s \ o
{HB(pz);}(CN),(u-CN)Co"'(dmphen),],(ClO,),-2CH;OH (3a), and [Fe"'{B(pz),} (CN),(u- - —
CN)CoII(dmphen)z]z(Clo4)2- 2CH;0H (3b), [HB(pz); = hydrotris(1-pyrazolyl)borate, B-

(Pz), = tetrakis(1-pyrazolyl)borate, dmphen = 2,9-dimethyl-1,10-phenanthroline, bpy = 2,2'- ’ \
bipyridine] have been synthesized and structurally and magnetically characterized. Complexes i

1—-3b have been prepared by following a rational route based on the self-assembly of the \
tricyanometalate precursor fac-[Fe' (L)(CN);]~ (L = tridentate anionic ligand) and cationic : /
preformed complexes [M"(L'),(H,0),]*" (L’ = bidentate a-diimine type ligand), this last species Y\\ \_\J

having four blocked coordination sites and two labile ones located in cis positions. The structures of ~

1—3b consist of cationic tetranuclear Fe",M"; square complexes [M = Mn (1), Ni (2a and 2b), Co (3a and 3b)] where corners are
defined by the metal ions and the edges by the Fe—CN—M units. The charge is balanced by free perchlorate anions. The
[Fe(L)(CN)3]~ complex in 1—3b acts as a ligand through two cyanide groups toward two divalent metal complexes. The magnetic
properties of 1—3b have been investigated in the temperature range 2—300 K. A moderately strong antiferromagnetic interaction
between the low-spin Fe' (§ = 1/2) and high-spin Mn"" (§ = 5/2) ions has been found for 1 leading to an S = 4 ground state (J; = —6.2
and J, = —2.7 cm™ '), whereas a moderately strong ferromagnetic interaction between the low-spin Fe' (S = 1/2) and high-spin Ni'
(S=1) and Co" (S = 3/2) ions has been found for complexes 2a—3b with S = 3 (2a and 2b) and S = 4 (3a and 3b) ground spin states
Ur=+214cm 'and),=+194cm ' (2a);J; = +17.0cm 'and ], = +12.5cm ' (2b); J; = +54cm 'and ], = +11.1cm ' (3a);
Ji=+81 cm ' and J,=-+11.0 cm (3b)] [the exchange Hamiltonian being of the type H=— ] (:S'l g/)] Density functional theory
(DFT) calculations have been used to substantiate the nature and magnitude of the exchange magnetic coupling observed in 1—3b and
also to analyze the dependence of the exchange magnetic coupling on the structural parameters of the Fe—C—N—M skeleton.

B INTRODUCTION

The design of polynuclear metal complexes with predictable
topology by self-assembling methods' > constitutes one of the
most studied subjects in coordination chemistry nowadays.’ The
topological control is indeed of outstanding interest when
preparing molecular materials because their physical properties
strongly depend on their architecture.” '® This is particularly
true when dealing with magnetic properties. Among the wide
variety of high-nuclearity coordination compounds with para-
magnetic transition metal ions, the cyanide-bridged complexes
have attracted the attention of a great number of research groups.
The main reason for this interest is due to the ambidentate
character of the cyanide ligand which allows the straightforward
synthesis of heterometallic compounds and also its efficiency
for the propagation of the exchange magnetic coupling.'""*
Indeed, the relevance of cyanide is evidenced by the great
variety of magnetic materials in which it is involved such as
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high-T. molecule based magnets,'>'> photomagnets,'* spin

crossover systems,"® multiferroics,"® single-molecule magnets
(SMMs),'” and single-chain magnets (SCMs)."® Among these
types of magnetic materials, the preparation of SMMs'”'? and
SCMs,'® that is, compounds which exhibit slow relaxation of
the magnetization below a blocking temperature (Ts),* has
become specially relevant in recent years envisaging their poten-
tial application in molecular devices and quantum computer
science.”’ The design of an SMM requires the obtention of
molecules having a high-spin ground state (S) and a large
negative axial magnetic anisotropy (D) which result in an energy
barrier (U = —DS?) for the magnetization reversal between the
two lowest mg = +S§ states.” Thus, the synthesis of an SMM
depends on the nuclearity and the topology of the polynuclear
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assembly, as well as on the nature of the interacting metal centers
and the bridging ligands.®””

Recently, the so-called “complex-as-ligand/complex-as-metal”
approach has been consolidated as a rational strategy toward the
preparation of SMMs.'”8 This rational self-assembly method,
whereby a metal complex with potential donor groups coordi-
nates to another metal complex with partially blocked coordina-
tion sites, constitutes an appropriate route to gain control of both
the nuclearity and the topology of the polymetallic species, and
moreover, it allows the preparation of heteropolymetallic
species.22

In this paper, we explore a rational self-assembly method which
consists of the use of the tailored tricyanometalate precursor
fac-[Fe(L)(CN)3]™ [L = HB(pz); , B(pz)s ] as trinucleating
ligand toward some divalent 3d metal ions having four coordina-
tion sites blocked by a.-diimine type ligands. This programmed
method allows the one-step elaboration of new heterobimetallic,
square tetranuclear cationic complexes of the general formula
[Fe"™(L)(CN),(u-CN)M"(L"),],>", where the cyanide-bearing
precursor coordinates two metal ions of identical nature (M =
Mn", Ni", and Co") whose coordination sphere is partially
blocked with two bidentate terminal ligands such as 4,4'-bipyr-
idine (bpy) and 2,9-dimethyl-1,10-phenanthroline (dmphen)
(Chart 1). Several other cyanide-bridged homo- and heterobi-
metallic tetranuclear squares have been reported.mj’c’”“’23 How-
ever, only a few of them were prepared by following rational
self-assembly methods through the use of blocking ligands coordi-
nated to metal atoms in order to avoid unwanted polymerization.
Here we report the preparation, crystal structures, and magnetic
properties of five related tetranuclear heterobimetallic complexes
of formulas [Fe"{B(pz),} (CN),(1-CN)Mn" (bpy),1,(ClO,), -
CH,CN (1), [Fe{HB(pz)3}(CN),(u-CN)Ni" (dmphen),],-
(ClO4),-2CH;0H  (2a), [Fe"'{B(pz).4}(CN),(u-CN)Ni'-
(dmphen),],(ClO,),-2CH;OH (2b), [Fe" {HB(pz)} (CN),-

Chart 1. Heterobimetallic, Square-Type Tetranuclear
Complexes
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(u-CN)Co"(dmphen),],(Cl0O,),-2CH;0H (3a), and [Fe™
{B(pz)} (CN),(4-CN)Co' (dmphen),],(ClO,), - 2CH;0H (3b)
[HB(pz); = hydrotris(1-pyrazolyl) borate, B(pz), = tetrakis(1-
pyrazolyl)borate].

B EXPERIMENTAL SECTION

General. All chemicals were of reagent grade quality, purchased
from commercial sources and used as received. PPh4[Fem{HB(pz)3}-
(CN);]-H,0 and PPh,[Fe™{B(pz),} (CN);]-H,O were prepared as
previously reported. >* Caution! Cyanides are very toxic and must be
handled with great caution. Waste cyanides were treated with concentrated
alkaline solutions of sodium hypochlorite in order to transform the cyanide
into nontoxic cyanate. Although no problem was encountered in this work,
perchlorate complexes are potentially explosive and they should be handled
with care. We worked at the millimole scale and heating was avoided.

Synthesis of the Complexes [Fe"'{B(pz)4} (CN),(x-CN)Mn"-
(bpy),15(Cl0,),-CH;CN (1), [Fe"{HB(pz)3}(CN),(u-CN)Ni"-
(dmphen),],(Cl0,), - 2CH;0H (2a), [Fe"'{B(pz)a}(CN)(1-CN)-
Ni"(dmphen),],(ClO,),-2CH;OH (2b), [Fe"{HB(pz);}(CN),-
(u-CN)Co"(dmphen),],(ClO,4),-2CH;OH (3a), and [Fe"-
{B(p2)4}(CN),(1-CN)Co"(dmphen),],(ClO,),- 2CH;0H  (3b).
Well-formed red prisms (1 and 2a), plates (2b), and needles (3a and
3b) suitable for X-ray diffraction were obtained in one step by slow
diffusion in an H-shaped tube of CH;CN/H,O (1:1) (1) or CH;0H/
H,O (1:1) (2a—3b) solutions containing stoichiometric amounts (1:1)
of PPh,[Fe™(L)(CN);]-H,O and the corresponding first-row transi-
tion metal complex [M(L'),(S),](ClO,), (M = Mn, Ni, and Co;
S = solvent) previously prepared in situ from a 2:1 mixture of L' and
the corresponding perchlorate salt as hexahydrate. They were collected
by filtration, washed with small amounts of CH;CN/H,O (1:1) (1) and
CH3;O0H/H,0 (1:1) (2a—3b), and air-dried. Satisfactory elemental
analyses (C, H, N) were obtained for 1—3b. The low yields observed
can be explained because the slow diffusion processes were stopped
prior to the formation of byproduct. Analytical and spectroscopic data
are listed in Table 1.

Physical Techniques. Elemental analyses (C, H, N) were per-
formed by the Service Interdisciplinaire d’Aide a la Recherche et a
'Enseignement (SIARE) of the UPMC University (France). IR spectra
were recorded on a Perkin-Elmer 882 spectrophotometer as KBr pellets.
Variable-temperature (2—300 K) magnetic susceptibility measurements
were carried out on powdered samples of 1—3b with a Quantum Design
SQUID magnetometer. The susceptibility data were corrected for the
diamagnetism of the constituent atoms and for the sample holder.

Computational Details. Calculations were performed through
the Gaussian 09 package using the B3LYP functional and the quadratic
convergence approach.”® Triple- and double-{ all electron basis sets
proposed by Ahlrichs et al. were used for the metal and for the rest
of atoms, respectively.”**” The broken-symmetry approach has been
employed to describe the unrestricted solutions of the antiferromagnetic
spin states,”® which have been obtained from the guess functions
generated with the fragment tool implemented in Gaussian code. Full
geometries have been used for 1, 2b, and 3b. As noted in a previous

Table 1. Analytical and Physical Characterization Data of Complexes 1—3b"

complex M molecular formula yield [%]
1 1800.6 CypHeoBCloFe;Mny N3 Og 21
2a 19073 CaaHrgB>CloFerNeNi, O 34
2b 2039.5 CssHsoBaClFesN3oNir Oso )
3a 1907.7 CaaHigB,Cl,CoyFeaN,6010 19
3b 2039.7 CysHioB>ClaCoyFeaN3oO1o 28

“The calculated values of elemental analysis are given in parentheses.

»(CN) [em '] C [%] H [%] N [%]
2152, 2121 48.12 (47.98) 3.02 (3.28) 24.19 (24.10)
2154, 2123 52.01 (51.59) 4.02 (3.98) 19.00 (19.08)
2156, 2120 51.85 (51.78) 3.99 (3.92) 19.89 (20.59)
2163,2123 51.62 (51.58) 4.02 (3.97) 19.21 (19.06)
2157,2124 51.89 (51.76) 3.77 (3.91) 20.71 (20.56)
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report,”® there are some problems in certain cases to reaching the
imposed convergence criterion or the well-found electronic configura-
tion is not adequate for the ground spin state. This fact is usual in systems
containing cobalt(Il) ions with strong spin—orbit coupling.*® Another
reason for this is that there are negative charged cyanide groups close to
largely positive charges from the metal ions, with such a feature leading
to an unstable situation.*® Even though it looks like the experimental
molecule, in the last case the tetranuclear molecules are not isolated and
they are connected with other molecules by means of hydrogen bonds
involving terminal cyanide groups. Thus, these interactions partially
remove the electronic density surplus on the peripheral cyanide groups
causing (i) a stabilization of the system and (ii) a decrease of the ligand
field strength of the cyanide group. In this sense, we could also consider
the external molecules (simplified fragments) that are involved in
hydrogen bonding with the tetranuclear complexes or, alternatively,
put the magnetically coupled complexes into a cavity with a dielectric
constant that simulates the electronic effects of polar solvent molecules or
of other molecules in the solid that are placed around it. The usual
calculations and other ones introducing the mentioned approaches have
been done on the Fe™,Ni", complex (2b). Because the calculations are
slow enough due to the large size of the systems, only the approach that
includes a cavity with a dielectric constant has been considered for those
with more problems to reach the convergence criterion [Fe,Mn, (1) and
Fe,Co, (3b)]. In this approach, we used a polarizable continuum model
with the parameters corresponding to the acetonitrile solvent.>" For the
Fe",Ni", system (2b), very close results were found with the normal
calculations and other approaches. In order to simplify the discussion,
only the results obtained from the approach that is common in all cases
have been shown in Table 9. This kind of approach allowed reaching the
electronic spin configuration in each case, but even though the computa-
tional time was significantly reduced, the process was still slow.

The broken-symmetry methodology also allows estimating all the
exchange coupling constants that are present in polynuclear transition
metal complexes. In order to calculate the n J; exchange coupling
constants of a polynuclear complex, we must perform at least n + 1
energy calculations of different spin configurations that correspond
to single-determinant Kohn—Sham solutions. The spin configurations

must be selected in such way that it is possible to solve a system of n
equations with n unknowns, ie., the J; values. In this way, three
calculations are needed for each of the complexes 1, 2b, and 3b in order
to obtain the two exchange coupling constants (see Table 9). One
additional electronic configuration has been calculated to avoid possible
errors or lacks in the computational procedure. The values of the J;
constants are obtained by a fit process from the energies of the following
spin configurations: a high-spin state where all the local spin moments
are parallel, singlet spin states where the local spin moments of the
Fe—M units are opposed to each other, and electronic configurations
where the spin local moments on the iron(III) ions are antiparallel with
those on the divalent metal ions.

Crystal Structure Data Collection and Refinement. Intensity
data of 1—3b were collected with a Bruker-Nonius KappaCCD dif-
fractometer with graphite-monochromated Mo Ka radiation. Unit cell
parameter determination, data collection strategy, and integration were
carried out with the Nonius EVAL-14 suite of programs.*** Multiscan
absorption correction was applied.*®® The structures of 1—3b were
solved by direct methods and refined with full-matrix least-squares
technique on F using the SIR 92, Superflip,*> SHELXL-97,** and
CRYSTAL programs.** Data collection and data reduction were done
with the COLLECT**8 and EVALCCD*** programs. All calculations for
data reduction, structure solution, and refinement were carried out by
standard procedures (CRYSTAL and WINGX).>*" The final geometric
calculations and the graphic manipulations were performed with the
PLATON>* and CRYSTAL MAKER®” programs. Hydrogen atoms
were introduced at calculated positions (and their coordinates were
refined with an overall isotropic thermal parameter), while those of the
solvent molecules were neither found nor calculated except for one
methanol molecule. A summary of the crystallographic data for 1—3b
are given in Table 2, and selected bond distances and angles for 1—3b
are listed in Tables 3—7.

B RESULTS AND DISCUSSION

Cyanide is a well-known ligand in molecular magnetic studies
because of its remarkable ability to mediate strong magnetic

Table 2. Summary of Crystallographic Data for 1—3b

1 2a 2b 3a 3b
formula C7HsoB,ClLEe;MnyN3 Oy CgrHyBoClLFe;,Ny6Ni Oy CygHgoBrCLFe,N3oNi Oy CgrHesBoCLCoyFe,N»4019 CysHynB2ClLCoyFe; N3Oy
M (gmol™")  1800.60 1907.32 2039.46 1899.70 2031.82
crystal system  triclinic triclinic monoclinic triclinic monoclinic
space group P1 P1 P2,/c P1 P2,/c
a (A) 12.9622(16) 11.3380(12) 15.137(2) 11.410(2) 15.133(3)

b (A) 13.457(2) 13.754(2) 20.493(3) 13.855(4) 20.446(6)
c(A) 13.9192(13) 15.156(2) 15.538(2) 15.160(28) 15.613(3)
o (deg) 84.982(11) 96.717(14) 90.0 97.67(3) 90.0

B (deg) 75.157(12) 104.190(8) 106.368(8) 104.08(5) 106.244(14)
y (deg) 61.981(11) 106.028(10) 90.0 105.24(5) 90.0

V (A%) 2070.4(5) 2158.7(5) 4624.9(11) 2192.4(2) 4637.6(18)
z 1 1 2 1 2

Peatc (gem ™) 1.444 1.467 1.465 1.439 1.455
F(000) 918 982 2100 972 2080

u (mm ™) 0.779 0.895 0.842 0.830 0.791

T (K) 200(2) 200(2) 200(2) 200(2) 200(2)

R [I>20()] 0.0484 0.0485 0.0476 0.0693 0.0648
wR? [I>20(1)] 0.1372 0.1342 0.1373 0.1720 0.2130

s 1.054 1.023 1.057 0.9769 1.156

“R = X(|Fo| — |Fl)/EIF, . "wR = [Sw(|Fo| — |F|)?/Sw|Fo|]"2 €S = [Sw(|Fo| — [E|)*/(N, — Np)]'/%
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Table 3. Selected Bond Distances (A) and Angles (deg)
for 1%

Mn(1)—N(1) 2.192(3)  Mn(1)—N(2) 2.196(2)
Mn(1)—N(10) 2327(2)  Mn(1)—N(11) 2.263(2)
Mn(1)—N(12) 2272(2)  Mn(1)—-N(13) 2.292(2)
Fe(1)—C(1) 1.931(3)  Fe(1)—C(2) 1.942(3)
Fe(1)—C(3) 1.938(3)  Fe(1)-N(4) 1.989(2)
Fe(1)—N(6) 1.984(2)  Fe(1)—N(8) 1.983(2)

N(1)=Mn(1)-N(2)  90.15(9)  N(1)’—Mn(1)—N(10) 89.04(9)
N(2)—Mn(1)—N(10) 173.80(9) N(1)'—Mn(1)—N(11) 100.22(10)
N(2)—Mn(1)—-N(11) 102.07(9) N(10)—Mn(1)—N(11) 72.04(9)
N(1)'—Mn(1)—N(12) 94.17(10) N(2)—Mn(1)—N(12) 96.73(9)
N(10)—Mn(1)—N(12) 89.46(9) N(11)—Mn(1)—N(12) 156.18(9)
N(1)'=Mn(1)—N(13) 166.15(9) N(2)—Mn(1)—N(13) 94.88(9)
N(10)—Mn(1)—N(13) 87.31(8)  N(11)—Mn(1)—N(13) 91.35(9)
N(12)—Mn(1)—N(13) 72.45(9)  C(1)—Fe(1)—C(2) 90.38(11)
C(1)—Fe(1)—C(3) 86.01(12) C(2)—Fe(1)—C(3) 86.90(11)
C(1)—Fe(1)—N(4) 177.62(10) C(2)—Fe(1)—N(4) 91.79(10)
C(3)—Fe(1)—N(4) 93.13(11)  C(1)—Fe(1)—N(6) 90.53(10)
C(2)—Fe(1)—N(6) 178.92(11) C(3)—Fe(1)—N(6) 92.58(10)
N(4)—Fe(1)—N(6) 87.29(9)  C(1)—Fe(1)—N(8) 91.65(11)
C(2)—Fe(1)—N(8) 92.65(10)  C(3)—Fe(1)—N(8) 177.62(11)
N(4)—Fe(1)—N(8)  89.23(9) N(6)—Fe(1)—N(8)  87.90(9)
“The estimated standard deviations are given in parentheses. ¥ Symme-
trycode: () =1—x1—y1—=z

Table 5. Selected Bond Distances (A) and Angles (deg)
for 2b™"

Ni(1)—N(1) 2.083(3)  Ni(1)—N(2) 2.085(3)
Ni(1)—N(10) 2.137(3)  Ni(1)—N(11) 2.201(3)
Ni(1)—N(12) 2.148(3)  Ni(1)—N(13) 2.157(3)
Fe(1)—C(1) 1.940(3)  Fe(1)—C(2) 1.938(3)
Fe(1)—C(3) 1.951(3)  Fe(1)-N(4) 1.996(3)
Fe(1)—N(6) 1.979(3)  Fe(1)—N(8) 1.972(3)

N(1)—Ni(1)-N(2)"  86.28(10) N(1)—Ni(1)—N(10) 175.32(10)
N(2)'—Ni(1)—N(10) 91.58(10)  N(1)—Ni(1)—N(11) 97.65(10)
N(2)'—Ni(1)—N(11) 81.55(10) N(10)—Ni(1)—N(11) 77.90(10)
N(1)—Ni(1)-N(12)  84.60(10) N(2)'—Ni(1)—N(12) 168.67(10)
N(10)—Ni(1)—N(12) 97.99(10) N(11)—Ni(1)—N(12) 106.31(10)
N(1)—Ni(1)-N(13) 86.81(10) N(2)'—Ni(1)—N(13) 93.78(10)
N(10)—Ni(1)-N(13) 97.49(10) N(11)—Ni(1)—N(13) 173.27(10)
N(12)—Ni(1)—N(13) 79.03(10) C(1)—Fe(1)—C(2)  88.79(12)
C(1)—Fe(1)—C(3)  90.15(13) C(2)—Fe(1)-C(3)  89.33(13)
C(1)—Fe(1)-N(4)  177.86(12) C(2)—Fe(1)—N(4)  90.34(12)
C(3)—Fe(1)—N(4) 91.81(13)  C(1)—Fe(1)—N(6) 92.82(12)
C(2)—Fe(1)—N(6) 178.39(12) C(3)—Fe(1)—N(6) 90.59(12)
N(4)—Fe(1)-N(6)  88.05(11) C(1)—Fe(1)—N(8)  89.85(12)
C(2)—Fe(1)-N(8)  91.49(12) C(3)—Fe(1)-N(8)  179.17(12)
N(4)—Fe(1)-N(8)  8821(11) N(6)—Fe(1)—N(8)  88.59(11)
“The estimated standard deviations are given in parentheses. ¥ Symme-
trycode: () =1—x2—y1—z

Table 41; Selected Bond Distances (A) and Angles (deg)
for 2a”

Ni(1)—N(1) 2.102(2)  Ni(1)—-N(2) 2.098(2)
Ni(1)—N(10) 2.152(2)  Ni(1)—N(11) 2.164(2)
Ni(1)—N(12) 2.134(2)  Ni(1)—N(13) 2.157(2)
Fe(1)—C(1) 1.941(3)  Fe(1)—C(2) 1.935(3)
Fe(1)—C(3) 1.949(3)  Fe(1)—-N(4) 1.996(2)
Fe(1)—N(6) 2.001(2)  Fe(1)-N(8) 1.975(2)

N(1)—Ni(1)—N(2) 86.58(8)  N(1)—Ni(1)—N(10)  174.66(8)
N(2)—Ni(1)-N(10) 90.13(8)  N(1)—Ni(1)—N(11) 96.88(8)
N(2)—-Ni(1)-N(11)  81.07(8)  N(10)—Ni(1)—N(11) 78.43(8)
N(1)—Ni(1)-N(12)  86.17(8)  N(2)—Ni(1)-N(12)  172.27(8)
N(10)—Ni(1)—N(12) 97.29(8)  N(11)—Ni(1)—N(12) 102.46(8)
N(1)—Ni(1)-N(13)  84.77(8)  N(2)—Ni(1)-N(13)  97.50(8)
N(10)—Ni(1)—N(13) 99.85(8)  N(11)—Ni(1)—N(13) 177.73(8)
N(12)—Ni(1)-N(13) 79.17(8)  C(1)—Fe(1)—C(2)"  88.26(10)
C(1)—Fe(1)—C(3)  90.02(10) C(2)'—Fe(1)—C(3)  85.85(10)
C(1)—Fe(1)—N(4) 176.20(10) C(2)'—Fe(1)—N(4)  92.26(9)
C(3)—Fe(1)—N(4)  93.78(10) C(1)—Fe(1)-N(6)  91.58(10)
C(2)—Fe(1)—N(6)  176.11(10) C(3)—Fe(1)-N(6)  90.27(10)
N(4)—Fe(1)-N(6)  88.16(9)  C(1)—Fe(1)—N(8)  89.16(10)
C(2)—Fe(1)—N(8)  94.82(10) C(3)—Fe(1)—N(8)  178.92(10)
N(4)—Fe(1)-N(8)  87.05(9)  N(6)—Fe(1)—N(8)  89.06(10)
“The estimated standard deviations are given in parentheses. b Symme-
trycode: () =1—x,2—y1—z

Table 61; Selected Bond Distances (A) and Angles (deg)
for 3a”

Co(1)—N(1) 2.154(6)  Co(1)-N(2) 2.130(6)
Co(1)—N(10) 2.196(6)  Co(1)—N(11) 2.227(6)
Co(1)—N(12) 2.181(6)  Co(1)—N(13) 2.200(6)
Fe(1)—C(1) 1.949(7)  Fe(1)—C(2) 1.947(7)
Fe(1)—C(3) 1.950(7)  Fe(1)—N(4) 1.999(6)
Fe(1)—N(6) 2.011(6)  Fe(1)—N(8) 1.973(6)

N(1)—Co(1)—N(2) 869(2)  N(1)—Co(1)-N(10)  174.3(2)
N(2)—Co(1)—N(10)  90.3(2)  N(1)—Co(1)—N(11)  97.6(2)
N(2)—Co(1)-N(11)  802(2)  N(10)—Co(1)—N(11) 77.1(2)
N(1)—Co(1)-N(12)  86.0(2)  N(2)—Co(1)-N(12)  1722(2)
N(10)—Co(1)-N(12)  97.1(2)  N(11)—Co(1)-N(12)  103.9(2)
N(1)—Co(1)-N(13)  844(2) N(2)—Co(1)—N(13)  98.6(2)
N(10)—Co(1)—N(13)  100.9(2) N(11)—Co(1)—N(13) 177.6(2)
N(12)—Co(1)-N(13)  77.6(2)  C(1)—Fe(1)—C(2)’ 88.1(3)
C(1)—Fe(1)—C(3) 89.6(3)  C(2)'—Fe(1)—C(3) 86.1(3)
C(1)—Fe(1)—N(4) 176.9(3)  C(2)'—Fe(1)—N(4) 91.7(3)
C(3)—Fe(1)—N(4) 93.5(3)  C(1)—Fe(1)—N(6) 91.7(3)
C(2) —Fe(1)—N(6) 1759(3)  C(3)—Fe(1)—N(6) 89.8(3)
N(4)—Fe(1)—N(6) 88.8(3)  C(1)—Fe(1)—N(8) 89.7(3)
C(2)'—Fe(1)—N(8) 95.2(3)  C(3)—Fe(1)—N(8) 178.5(3)
N(4)—Fe(1)—N(8) 87.3(3)  N(6)—Fe(1)—N(8) 88.9(3)
“The estimated standard deviations are given in parentheses. b Symme-
try code: () = —x, 1 — y, —z.

interactions between the paramagnetic centers, which are linked
by it. The reactions of cyanide-bearing [Fe(L)(CN)3]~ unit with
first-row transition metals with four coordination positions
blocked by two terminal ligands [M(L'),(S),]*" (S = solvent)

yield molecular squares with interesting and different (depending
on M) magnetic properties. The [Fe(L)(CN)3;]™ complex acts
as a bis-monodentate ligand through two of its three cyanide
groups, with the third one remaining free. This coordination
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Table 71.’ Selected Bond Distances (A) and Angles (deg)
for 3b”

Fe(1)—N(4) 1.998(3)  Fe(1)—N(6) 1.975(3)
Fe(1)—N(8) 1.970(3)  Fe(1)—C(1) 1.933(4)
Fe(1)—C(2) 1.934(4)  Fe(1)—C(3) 1.944(4)
Co(1)—N(1) 2.127(3)  Co(1)-N(2) 2.114(3)
Co(1)—N(10) 2.167(4)  Co(1)—N(11) 2.257(4)
Co(1)—N(12) 2.185(3)  Co(1)—N(13) 2.193(3)
N(4)—Fe(1)—N(6) 88.14(13) N(4)—Fe(1)—N(8) 88.04(13)
N(6)—Fe(1)—N(8) 88.41(13) N(4)—Fe(1)—C(1) 178.45(15)
N(6)—Fe(1)—C(1) 92.31(14) N(8)—Fe(1)—C(1) 90.48(15)
N(4)—Fe(1)—C(2) 91.24(14) N(6)—Fe(1)—C(2) 179.38(14)
N(8)—Fe(1)—C(2) 91.56(15)  C(1)—Fe(1)—C(2) 88.31(15)
N(4)—Fe(1)—C(3) 91.77(15)  N(6)—Fe(1)—C(3) 91.07(15)
N(8)—Fe(1)—C(3) 179.45(15) C(1)—Fe(1)—C(3) 89.71(17)
C(2)—Fe(1)—C(3) 88.96(16) N(1)—Co(1)—N(2)" 87.50(12)

N(1)—Co(1)—-N(10)  174.70(14) N(2)'—Co(1)—N(10) 91.78(13)
N(1)—Co(1)=N(11)  98.50(15) N(2)'—Co(1)—N(11) 80.13(14)
N(10)—Co(1)—N(11) 7621(15) N(1)—Co(1)—N(12) 83.55(12)
N(2)'—Co(1)—N(12) 168.73(13) N(10)—Co(1)—N(12) 97.75(13)
N(11)—Co(1)—N(12) 107.93(14) N(1)—Co(1)—N(13) 86.82(13)
N(2)'—Co(1)—=N(13) 95.55(12) N(10)—Co(1)—N(13) 98.48(13)
N(11)—Co(1)—N(13) 172.94(15) N(12)—Co(1)—N(13) 77.16(12)
“The estimated standard deviations are given in parentheses. ¥ Symme-
try code: (') = —x, 1 — y, —z.

mode was previousl?r observed in the related tetranuclear
square of formula [Fe""{HB(pz)3} (CN),(u-CN)Mn" (bpy), »-
(ClO,),-4CH;CN.>** The bonding mode is reflected in the IR
spectra of the complexes. The presence of bridging and terminal
cyanide ligands in these compounds is consistent with the
observation of two stretching cyanide vibrations [v(CN)] of
medium (ca. 2000 cm ™~ ') and small (ca. 2050 cm ™ ') intensities,
respectively.

Descriptions of the Structures. [Fe"{B(pz),}(CN)(u-CN)-
Mn"( bpy)2]5(ClO,4)5- CH5CN (1). The crystal structure of 1 consists
of discrete tetranuclear mixed metal units (Figure 1a), perchlo-
rate anions, and free acetonitrile molecules (Figure S1, Support-
ing Information). Two [Fe{B(Pz),}(CN)3]™ units from each
tetranuclear entity in 1 bridge two manganese(II) ions through
two cyanide bridges to form [2 + 2]-type discrete molecular
squares [N(1))—Mn(1)—N(2) = 90.15(11)° and C(1)—Fe-
(1)—C(2) = 90.38(14)°]. The remaining coordination sites of
each six-coordinated Mn(II) ion are occupied by two bidentate
bpy molecules. The metal atom exhibits a distorted octahedral
environment, MnNy (Figure 1b). An important bending occurs
at one of the cyanide bridges, the value of the Mn(1)—N(2)—
C(2) angle being 160.1(2)°, whereas the departure from linearity
is much smaller at the other cyanide bridge [Mn(1)—N(1)'—
C(1) =173.3(2)°].

Each iron(III) ion in 1 shows a slightly distorted six-coordi-
nated octahedral environment (Figure 1c), FeC;Nj, formed by
three imine-nitrogen atoms from the terminal B(pz),” ligand
and three cyanide-carbon atoms. The Fe(III)—C(cyanide) dis-
tances are shorter than those of the Fe(III)—N(bpy). Selected
bond distances and angles for 1 are listed in Table 3. The
Fe—C—N angles depart slightly from linearity [175.0(2)—
178.5(2)°], with the greater bending being observed for the
Fe(1)—C(1)—N(1) angle.

Figure 1. (a) Perspective view of the cationic tetranuclear Fe',Mn",

unit of 1 with the atom-numbering scheme for the metals’ coordination
environment. (b) and (c) Projection views of the surroundings for the
manganese and iron atoms, respectively. The metal coordination spheres
are depicted as polyhedra. Hydrogen atoms are omitted for clarity.

el

l
&

Figure 2. Perspective views of the 7—7 stacking interactions between
the bpy ligands (represented by dotted lines) in the [001] direction. The
metal coordination spheres are depicted as polyhedra. Hydrogen atoms
are omitted for clarity.

The values of the Fe'"+ - -Mn" distance through the cyanide
bridges are 5.255(2) and 5.218(2) A. The intramolecular Fe-
(1)+++Mn(1):++Fe(1) and Mn(1)-++Fe(1)---Mn(1) an-
gles are 88.831(9) and 91.169(10)°. These values are similar to
those reported in the related tetranuclear square compound
[Fem{HB(pz) 3} (CN),(u-CN) MnH(bpy) 212(ClO,), 4CH3CN.233

Weak intermolecular 77— interactions between adjacent
bpy molecules coordinated to the Mn(II) ions lead to a supramo-
lecular chainlike structure along the [001] direction (Figure 2)
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Figure 3. (a) Perspective view of the cationic tetranuclear Fe",Co™,
unit of 2b with the atom-numbering scheme for the metal coordination
environments. (b) and (c) Projection views of the metal coordination
environment for the cobalt and iron atoms, respectively. The metal
coordination spheres are depicted as polyhedra. Hydrogen atoms are
omitted for clarity.

with centroid—centroid distances between the bpy planes of
3.642(2) A.

[Fe"{HB(pz);} (CN)»(u-CN)Ni" (dmphen) ] (ClO,),+ 2CH;0H
(2a) and [Fe"{HB(pz);}(CN),(u-CN)Co"(dmphen),]>(ClO.,),-
2CH;0H (3a). Compounds 2a and 3a are isostructural and are
described together. They consist of discrete tetranuclear mixed
metal units (Figure 3), perchlorate anions, and crystallization
methanol molecules (Figure S2, Supporting Information). The
overall structure of the cationic tetranuclear complexes can be
described as [2 + 2]-type tetranuclear squares formed by two
low-spin Fe'" ions and two high-spin Ni"" (2a) or Co" (3a) ions
linked through two cyanide groups of the fac-[Fe'"{HB(pz);}-
(CN)3]™ complex (Figure 3a). The iron(III) precursor coordi-
nates in a bis-monodentate manner through two of its three
cyanide groups toward the [M(dmphen),]*" [M = Ni (2a) and
Co(3a)] cationic units [N(1)—Ni(1)—N(2) = 86.58(10)° and
C(1)—Fe(1)—C(2)' =88.26(11)° for 2aand N(1)—Co(1)—N-
(2) = 86.88(21)° and C(1)—Fe(1)—C(2)' = 88.26(11)° for 3a],
with the third cyanide group remaining terminal. The separation
between adjacent metal atoms within the tetranuclear units
through the cyanide bridges are 5.170(6) and 5.166(8) A in
2a and 5.229(1) and $.212(1) A in 3a, respectively. The

Figure 4. Perspective views of the 77— stacking interactions between
the dmphen ligands (represented by dotted lines) forming a 2D motif.
The metal coordination spheres are depicted as polyhedra. Hydrogen
atoms are omitted for clarity.

intramolecular Fe(1)::-M(1)---Fe(1)’ and M(1)- - -Fe-
(1)-++M(1)" angles are 88.27(4) and 91.73(4)° in 2a and
88.60(2) and 91.40(2)° in 3a, respectively.

The two iron(III) atoms of 2a and 3a show a slightly distorted
six-coordinated octahedral environment, FeC;N; (Figure 3c),
formed by three pyrazolyl-nitrogen atoms from the capping
HB(Pz);~ ligand and three cyanide-carbon atoms from the
terminal and bridging cyanide groups. The Fe(III) —C(cyanide)
and Fe(1II) —N(dmphen) distances (Tables 4 and S) are similar
to those found in 1 and in the related tetranuclear compound
[Fe"'{HB(pz)3} (CN),(1-CN)M"(DMF),],(OTf), - 2DME. ™
The Fe—C—N angles are not far away from linearity [175.8(2)—
176.9(2)° for 2a and 176.3(6)—176.9(6)° for 3a].

On the other hand, the two Ni(II) atoms of 2a and the two
Co(II) atoms of 3a exhibit a distorted octahedral environment,
MNg§, which is formed by four imine-nitrogen atoms from the
terminal dmphen ligands and two cyanide-nitrogen atoms from
the two bridging cyanide groups. The M(II) —N(cyanide) bond
distances are all shorter than the M(II)—N(dmphen) bond
lengths (Tables 4 and S). This situation contrasts with that
observed in the related tetranuclear compounds [Fe'{HB-
(p2)3}(CN),(u-CN)M"(DMF),],(OTf),-2DMF (M = Ni
and Co),"”* where the octahedral environments around Ni"
and Co'" ions are less distorted. An important departure from
linearity at the M—N—C angles occurs for 2a and 3a, where
the values of the M(1)—N(1)—C(1) and M(1)—N(2)—C(2)
angles are 169.5(2) and 168.6(2)° for 2a (M = Ni) and 169.3(6)
and 170.3(5)° for 2b (M = Co), respectively. Selected bond
distances and angles for 2a and 3a are listed in Tables 4 and 5
respectively.

There is a perfect alignment of tetranuclear molecules along
the [100] direction in the crystal lattice (Figure 4). Weak
intermolecular 71— type interactions between several adjacent
dmphen molecules coordinated to M(II) ions occur in the ac
plane, resulting in a supramolecular 2D-like structure with
centroid—centroid distances between dmphen planes of
3.668(2) and 3.550(2) A for 2a and 3.660(5) and 3.571(5) A
for 3a (Figure 4). The shortest intermolecular Fe(1)- + -Fe(1)’,
M(1)---M(1), and Fe(1):--M(1)" distances are 8.840(2),
10.143(2), and 8.943(2) A for 2a and 8.955(1), 10.206(2), and
8.954(2) A for 3a.
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Figure 5. (a) Perspective view of the cationic tetranuclear Fe,Co™,
unit of 3b with the atom-numbering scheme for the metal coordination
environments. (b) and (c) Projection views of the metal coordination
environment for the cobalt and iron atoms, respectively. The metal
coordination spheres are depicted as polyhedra. Hydrogen atoms are
omitted for clarity.

[Fe""{B(pz)4} (CN)»(u-CNINi" (dmphen),]5(CIO,),+ 2CH;0H
(2b) and [Fe"{B(pz),}(CN),(u-CN)Co"(dmphen),]5(ClO.,),-
2CH;0H (3b). Compounds 2b and 3b are isostructural, and
they are described together. The crystal structure of 2b and 3b is
similar to that observed for 2a and 3a, and it consists of discrete
tetranuclear mixed metal complexes (Figure S), perchlorate
anions, and crystallization methanol molecules (Figure S3,
Supporting Information). Two fac-[Fe'"{B(pz),} (CN);] ~ units
in 2b and 3b act as bridges in a bis-monodentate way toward two
M(II) ions [M = Ni (2b) and Co (3b)] through two cyanide
ligands to form the same [2 4 2]-type tetranuclear squares with
two low-spin Feions and two high-spin Ni" (2b) or Co™ (3b)
ions at the corners of the square (Figure Sa). The coordination
mode of the [Fe"{B(pz)4} (CN);] ™ species is bis-monodentate
toward the [M(dmphen),]*" cationic units [M = Ni (2b) and
Co (3b)]. The values of the N(1)—M(1)—N(2)" and C(1)—
Fe(1)—C(2) angles are 86.28(10) and 88.79(12)° for 2b and
87.50(12) and 88.31(15)° for 3b. The separations between
neighboring metal atoms within the tetranuclear units through
the cyanide bridges are 5.150(6) and 5.168(S) A in 2b and
5.191(1) and 5.199(1) A in 3b. The intramolecular Fe(1)- - -
M(1)--+Fe(1)’ and M(1)---Fe(1)---M(1) angles are
87.68(3) and 92.32(3)° in 2b and 88.54(1) and 91.46(1)° in

Figure 6. Perspective views of the 77— stacking interactions between
the dmphen ligands (represented by dotted lines) in the ac plane. The
metal coordination spheres are depicted as polyhedra. Hydrogen atoms
are omitted for clarity.

3b, respectively. Selected bond distances and angles for 2b and
3b are listed in Tables 6 and 7, respectively.

The two Fe(III) atoms of 2b and 3b show a slightly distorted
six-coordinated octahedral environment, FeC3N; (Figure Sc),
which is formed by three imine-nitrogen atoms from the capping
B(pz), ligand and three cyanide-carbon atoms from one
terminal and two bridging cyanide groups. The Fe(III)—
C(cyanide) and the Fe(III) —N(dmphen) distances are similar
to those found in the former complexes (Tables 6 and 7). The
Fe—C—N angles in both compounds are close to linearity
[176.3(3)—176.5(3)° for 2b and 177.0(3)—177.2(3)° for 3b].

The two Ni(II) atoms of 2b and the two Co(II) atoms of 3b
exhibit a distorted octahedral environment, MNg, which is
formed by four imine-nitrogen atoms from the terminal dmphen
ligands and two cyanide-nitrogen atoms from the two bridging
cyanide groups. The M(II) —N(cyanide) distances are all shorter
than the M(II) —N(dmphen) distances (Tables 6 and 7). This
severe distortion is higher than that observed for the related
tetranuclear compounds [Fe{HB(pz);}(CN),(u-CN)M"-
(DMF), ],(OTf),-2DMF (M = Nj, Co).17a In a similar manner
to that seen in 2a and 3a, significant departures from linearity
at the M—N—C angle for 2b and 3b occur, where the values
of the M(1)—N(1)—C(1) and M(1)—N(2)'—C(2) angles are
170.3(3) and 171.6(3)° for 2b (M = Ni) and 170.5(3) and
172.3(3)° for 2b (M = Co), respectively.

There is a perfect alignment of tetranuclear molecules along
the [010] direction in the crystal lattice (Figure S3, Supporting
Information). Weak intermolecular 77— type interactions be-
tween several adjacent dmphen molecules coordinated to M(II)
ions in the ac plane result in a supramolecular 2D-like structure
with values of the centroid—centroid distance between the two
dmphen planes of 3.802(2) and 3.568(2) A for 2b and 3.801(5)
and 3.636(5) A for 3b (Figure 6). The shortest intermolecular
Fe(1): - +Fe(1),M(1)++-M(1),and Fe(1)- - -M(1)’ distances
are 9.419(2), 10.206(2), and 8.250(2) A in 2b and 9.447(1),
10.325(1), and 8.206(1) A in 3b, respectively.

Magnetic Properties of 1—3b. The yT versus T IPIOtS of 1
()m is the molar magnetic susceptibility per Fe',Mn", unit) is
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Figure 7. Temperature dependence of T for 1 (A) in an applied
magnetic field of 1 T (T = 30 K) and 100 G (T < 30 K). Lines are the
best-fit curves taking into account the intermolecular interactions 6
(solid) or not (dotted). The inset shows the field dependence of M of 1
(O) at 2.0 K. The solid line is a guide for the eye.

consistent with antiferromagnetically coupled Fe™,Mn", tetra-
nuclear squares (Figure 7). At room temperature, )T is equal
to 9.42 cm® K mol™!, a value which is slightly smaller than
the sum of two magnetically isolated low-spin Fe'" ions (T =
0.50 cm® K mol " per iron atom with g, = 2.3) and two high-
spin Mn" ions (ymT = 4.37 cm® K mol per manganese atom
with gy, = 2.0). Upon cooling, yT continuously decreases first
slowly from 9.42 to 8.78 cm® K mol ™" and then more abruptly
below ca. 100 K, reaching a minimum value of 2.19 cm® Kmol ™!
at 2.0 K. This magnetic behavior is similar to that reported for the
related tetranuclear compounds [Fe"™ {HB(pz);}(CN),(u-
CN)Mn"(DMF),],[OTf],-2DMF'"* and [Fe"'{HB(pz),}-
(CN);]2[Mn(bpy)4]5[ClO4],.>** The value of T at 2.0 K is
below that expected for an S = 4 ground spin state.

The M versus H plot for 1 at 2.0 K is shown in the inset of
Figure 7. M is the magnetization per Fe"™,Mn", unit. The
magnetization at .0 T (M = 4.22 up) is well below that expected
for an § = 4 ground state, but it has not reached the saturation.

The analysis of the magnetic susceptibility data of compound 1
was carried out by full-matrix diagonalization®? of the apﬁ)ropriate
isotropic spin Hamiltonian for a tetranuclear Fe'",Mn", square
model [eq 1 with M = Mn; Spy; = Syo = 5/2 and Sgey = Spep = 1/2]
(see Chart 1):

H=—], [SFel “Swi + SFeZ'SMZ] - [SFel Sy + Spe 'SMI]

+ gFe(SFel + gFeZ)Hﬂ + gM(SMl + SMZ)Hﬁ (1)

where J; and ], are the two intramolecular magnetic couplinﬁ
parameters, g, and gg. are the Landé factors of the Mn" and Fe'
ions, (3 is the Bohr magneton, and H is the applied magnetic field.
The intermolecular interactions are taken into account by using a
Weiss constant () in the form of T — 6 in the expression giving
the susceptibility. Although 1—3b can be considered as squares
from a structural point of view, we have to use two independent |
parameters (J; and J,) due to the existence of two significantly
different values for the M—N—C angles and Fe—M distances (see
Descriptions of the Structures). In fact, it is not possible to obtain a
good fit of the experimental data by using only one | parameter.
The least-squares fit of the experimental data gives gg, = 2.32,
g =199, J;=—270cm ', J,=—620cm ', and 6 = —4.70 K
[where 6 is the Weiss factor defined as 0 = zjS(S + 1)/3k with
S=4andzj=—049 cm '] (Table 8). The fitted plot (solid line

Table 8. Best Fit Magnetic Data for 1—3b

N (em™)  Rf(em™) g’ gu’ F(em ) 6 (em )
1 —62 27 232 199 —049 —47
2 214 194 230 221 0.09 05
2b 17.0 125 239 220 0.61 3.5
3a 54 1l 230 — —0.03 —01
3b 8.1 10 233 — 0 0

“J; and J, are the exchange magnetic coupling parameters through the
crystallographically independent heterobimetallic units: Fe(1)—C(1)—
N(1)—M(1) and Fe(1)—C(2)—N(2)—M(1), respectively. ®Landé
factors [M = Mn (1), Ni (2a, 2b), and Co (3a, 3b)]. “ Intermolecular
exchange magnetic coupling.

Scheme 1. — Stacking Interactions in 1—3b Showing the
Antiferromagnetic Pathway (a) for 1, and the Ferromagnetic
(b) and Antiferromagnetic (c) Contributions in 2a—3b*

“ ot and f3 represent the alternative spin densities on the ligand atoms
(up and down, respectively).

in Figure 7) closely follows the experimental data in the whole
temperature range 300—2 K. The negative | values reflect the
antiferromagnetic coupling due to the overlap of the Feand Mn t,,
orbitals (local symmetry), whereas the antiferromagnetic inter-
molecular interactions are reflected in the negative value of 0 as
can be expected from the intermolecular 77— bipyridine orbital
overlap between tetranuclear cations in the [001] direction
(closest bypiridine ring contact of 3.34 A shown in Scheme 1a).
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Figure 8. Temperature dependence of /T (A) for 2a (a) and 2b (b)
in an applied magnetic field of 1 T (T = 30 K) and 100 G (T < 30 K).
Lines are the best-fit curves taking into account the intermolecular
interactions @ (solid) or not (dotted). The insets show the field
dependence of M (O) of 2a (a) and 2b (b) at 2.0 K. The solid lines
are guides for the eye.

In Scheme 1 are shown the alternative spin densities [up (o) and
down (f)] on the ligand atoms following a spin polarization
mechanism. The ] values obtained are similar to those determined
for the related compound of formula [Fe"™ {HB(pz);} (CN);],-
[Mn(bpy),),[ClO4],* (J; = —1.52 cm™ ', J, = —4.58 cm ™).

The yT versus T plots (yn is the molar magnetic suscept-
ibility per Fe'",Ni", unit) for 2a and 2b show qualitatively a
similar magnetic behavior, consistent with ferromagnetically
coupled Fe'",Ni", tetranuclear squares (Figure 8). At room
temperature, the values of T are 4.09 and 3.72 cm® K mol
for 2a and 2b, respectively. These values are larger than those
expected for the sum of two magnetically isolated low-spin Fe'"
ions (ymT = 0.50 cm> K mol per iron atom with gg, = 2.3) and
two high-spin Ni'" ions (yyT = 1.10 cm® K mol ' per nickel
atom with gy; = 2.1). Upon cooling, yT increases smoothly
until ca. 50 K, in line with a ferromagnetic coupling between the
Ni(II) and Fe(IIl) atoms through the cyanide bridges. At T <
50 K, yaT sharply increases to reach maxima of ca. 8.26 and
13.03 cm® K mol " at 4.5 and 5.0 K for 2a and 2b, respectively.
Then, it further decreases with T because of zero-field splitting
and/or intermolecular interactions to reach values of 7.98 (2a)
and 12.26 (2b) cm® K mol " at 2.0 K. These features are con-
sistent with a ferromagnetic intrasquare interaction leading to an
S = 3 ground spin state.

The M versus H plots for 2a and 2b at 2.0 K are shown in
the insets of Figure 8. M is the magnetization per F "™ Ni", unit.
The magnetization values at 5.0 T (M, = 6.55 and 6.60 up for 2a

50 100 150 200 250 300
T/K
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Figure 9. Temperature dependence of ;T (A) for 3a (a) and 3b (b)
in an applied magnetic field of 1 T (T = 30 K) and 100 G (T < 30 K).
Solid lines are the best-fit curves. The insets show the field dependence
of M (O) of 3a (a) and 3b (b) at 2.0 K, with the solid lines being guides
for the eye.

and 2b, respectively) are consistent with the predicted one for an
§ = 3 ground spin state.

The analysis of the magnetic susceptibility data of compounds
2a and 2b were carried out by full-matrix diagonalization®®
of the isotropic spin Hamiltonian for a tetranuclear Fe",Ni",
square model [eq 1 with M = Ni; Sp; = Sy = 1 and Sge; =
Spe> = 1/2].

The intermolecular interactions were taken into account by
using a Weiss constant (0) in the form of T — 6.

The least-squares fit of the experimental data of 2a and 2b are
given in Table 8. The calculated plots (solid lines in Figure 8)
closely follow the experimental data in the 300—8 and 300—6 K
temperature ranges, respectively. The ferromagnetic intermole-
cular interactions between adjacent tetranuclear cations are
reflected in the values of € (4+0.5 and +3.5 cm™ " for 2a and
2b, respectively; see Table 8). The positive 6 values support the
presence in both cases of an intermolecular ferromagnetic inter-
action [ closest dmphen ring contacts of 3.42 and 3.40 A for 2a and
2b, respectively (Scheme 1b)]. The lower value of @ obtained for
2b must be related to a weaker ferromagnetic 77— interaction
through the aromatic dmphen rings compared to that in 2a
[closest dmphen ring contacts of 3.37 and 3.40 A for 2a and 2b
(Scheme 1¢)].

The T versus T plots (yu is the molar magnetic suscept-
ibility per Fe"',Co", unit) of 3a and 3b show qualitatively a
similar magnetic behavior (Figure 9). At room temperature, the
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values of yT are 6.57 and 6.53 cm® K mol ™! for 3a and 3b,
respectively. They compare well with that expected for the sum
of two magnetically isolated low-spin Fe'" ions (yuT = 0.50
cm® K mol ! per iron atom with gg. = 2.3) and two octahedral
high-spin Co' ions (S¢, = 3/2) with an orbitally degenerate *T Ig
single-ion ground state with significant orbital contributions
(¢mT = 2.5—3.0 cm® K mol " per cobalt(II) ion).>* On cooling,
ymT increases first to attain broad maxima at 110 (3a) and 115 K
(3b) and further decreases due to the spin—orbit coupling of the
Co" ions reaching minima at 44 (3a) and 38 K (3b) (insets of
Figure 9). After the minima, T sharply increases to reach
maxima of 10.0 and 8.61 cm® K mol " at 2.50 (3a) and 3.72 K
(3b). Finally, the decrease of the y)T product at low tempera-
ture is probably due to intermolecular interactions and/or the
magnetic anisotropy of cobalt(Il) ions.

The magnetization M vs H plots for 3a and 3b at 2.0 K are
shown in the insets of Figure 9. M is the magnetization per
Fe'™,Co"; unit. The magnetization values at 5.0 T (M, = 6.26
and 6.40 up for 3a and 3b, respectively) are consistent with
the predicted value (M, = 6.50 ug) for an S = 2 state result-
in% from the ferromagnetic coupling between two low-spin
Fe'" (Sg. =1/2 with g = 2.3) and two high-spin Co" ions
(Segr = 1/2 with g = 4.2).%*

In order to analyze the magnetic susceptibility data of com-
pounds 3a and 3b, we have used the isotropic spin Hamiltonian
mentioned above [eq 1 with M = Co; Sy = Swp = 3/2], in which
we have included three other terms [eqs 2—4]:

2

H, = y AKALcor * Scor + Leor * Scon (2)
i=1
- 22 <2 4
Hax = Z A LzCol + LzCoZ _g (3)
i=1
A 2 A A~
Horb == Z _AK[LC()l +LC02]ﬁH (4)

where A is the spin—orbit parameter and k and A are orbital
reduction factors associated with the covalent character of the
metal—ligand bonds and with the interaction between the 4T1g
ground state (*T';,[F]) and the excited “T state from the P term
("Tyg[P]).

The first term [eq 2] accounts for the spin—orbit coupling of
the six-coordinated high-spin Co' cations. The second one
[eq 3] considers the axial distortion of the orbital triplet ground
state 4T1g, yielding an energy gap A between the 4A2g and 4Eg
states resulting from the splitting of this orbital triplet. Finally, the
last term [eq 4] takes into account the orbital magnetic con-
tribution of each Co" ion. In all these three terms, we have used
L =1 corresponding to the isomorphism between the orbital
triplet Ty and a P term (I'Tyll = —AIlPIl).

No analytical expression of the magnetic susceptibility can be
derived through this Hamiltonian. The parameters ]}, J,, A, k, 4,
and A were determined instead through a numerical matrix
diagonalization method.*

The parameters obtained from the best fit of the described
model to the experimental data of 3a and 3b are the following:
Ak=120,A=—122ecm ,A=—671cm ',J;=+54cm ', and
J = +11.1 em ™' for 3a and Ak = 1.10, A = —101 cm ™, A =
—279 em}, J1 = +8.1 cm Y, and J, = +11.0 cm ' for 3b
(Table 8). These values are similar to those observed in other

similar six-coordinated cobalt(Il) complexes.>* As done pre-
viously, the intermolecular interactions were taken into account
by using a Weiss constant (6) in the form of T — 6. The fit of
the experimental data gave values for 6 of —0.1 (3a) and 0
(3b) em™ L.

Most of these parameters are similar for 3a and 3b, but a large
difference exists in the A parameter. We suggest that this feature
is related to the tetragonal distortion and the spin—orbit
coupling associated with the cobalt(I) ion™* since large differ-
ences are found in the N—Co—N angles between the two
complexes (see Descriptions of the Structures). For the fitted
0 values, we suggest that they are not unambiguous due to the
large number of parameters used in the fit of the magnetic data.
Indeed, by looking at the crystal packing (Scheme 1), ferromag-
netic intercluster interactions could be expected in a similar
manner to 2.

The magnetic behavior observed in complexes 1-3b is some-
what similar to that found in related cyanometalate one-dimen-
sional compounds and clusters. Thus, the interaction found
through the cyanide bridges in heterometallic Fe''—CN—M"
units is usually found to be antiferromagnetic when M =
Mn'7>180189232 41 q ferromagnetic when M = Ni'7*'*® and
Co. !+~ o72182718¢ The causes of the different magnetic beha-
viors observed in compounds 1—3b have been interpreted by
carrying out theoretical calculations (below).

A final observation is that no out-of-phase ac signals usually
found in SMMs have been observed in 1—3b in contrast to the
family ~ [Fe"{HB(pz);}(CN),(u-CN)M"(DMF),],[OTf],
2DMF (M = Nji, Co) where the frequency dependence of "
at very low temperatures was observed.'”

Theoretical Calculations. We performed electronic structure
calculations based on density functional theory (DFT) for
compounds 1, 2b, and 3b following the method described under
Computational Details. The results are summarized in Table 9.

An inspection of Table 9 shows that the J values obtained from
DEFT calculations for 1, 2b, and 3b are in good agreement with
those found from the fit of the magnetic data and also with those
reported in a previous theoretical study on similar tetranuclear
complexes.®® These DFT calculations allow correlation of the
values of the magnetic coupling with the geometric parameters of
the exchange pathways. They provide also a simple orbital
explanation. The iron(III) ion shows a low-spin configuration
(tzgs) due to the strong ligand field mainly provided by the
cyanide groups coordinated to the metal center through the
carbon atom, 873973 yhereas the six-coordinated manganese-
(I1) (1), nickel(II) (2b), and cobalt(I) (3b) show high-spin
electronic configurations ]:t2g3eg2 (1), t2g66g2 (2b), and tzgseg2
(3b)]. The unpaired electron of the low-spin iron(IIl) (in the
singly occupied molecular orbital or magnetic orbital) in 1, 2b,
and 3b is defined by a mixture of the d,. and d,, type orbitals, in
equal amounts. This composition is determined by the strength
and the symmetry of the ligand field. The t,, iron(III) orbital is
delocalized on the 7 orbitals of the cyanide bridge and provides a
7 exchange pathway.>**6*3%93% The spin density map of 1 nicely
illustrates this analysis (Figure 10).>°

In the Fe",Ni", compound (1),18e30:36236636d o nickel (1)
magnetic orbitals are d,._,» and d,.. Only the last one interacts
with the iron(III) magnetic orbital. When the Fe—C—N—M unit
is linear, the strict orthogonality between the interacting mag-
netic orbitals causes the observed ferromagnetic coupling
(Table 9). When the M t,, magnetic orbitals become involved
[ie, in FeHIZMHz, M = Mn], antiferromagnetic terms arising
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Table 9. Relevant Structural Parameters® and Values of the Exchange Coupling (J;) in 1, 2b, and 3b (Computed by DFT and Fitted

from Experiments)

compound dpe M (A) dpe ¢ (A) dv N (A)
1 5.255/5.218 1.931/1.942 2.192/2.196
2b 5.150/5.168 1.939/1.937 2.083/2.085
3b 5.191/5.193 1.933/1.934 2.127/2.114

Fe—C—N (deg) Mn—N—-C (deg) Jtheo (cm_l) Jlem (cm_l)
175.0/178.5 173.3/160.1 —4.6/—10.3 —2.7/—6.2
176.3/176.5 170.3/171.6 16.5/12.6 17.0/12.5
177.0/177.2 170.5/172.3 7.8/10.8 8.1/11.0

“For the two crystallographically independent heterobimetallic units: Fe(1)—C(1)—N(1)—M(1)/Fe(1)—C(2)—N(2)—M(1).

Figure 10. Calculated spin density distribution for the ground quintet
spin configuration of 1. Blue and yellow contours represent positive and
negative spin densities, respectively. The isodensity surface corresponds
to a value of 0.0025 e bohr >,

from the t,g(Fe)—t,;(Mn) net overlap, competing with the
above-mentioned ferromagnetic contribution. This could result
in an overall antiferromagnetic coupling, as observed in the
Fe'™,Mn", compound (1). In this compound, the ferromagnetic
contribution decreases with the bending of the Fe—C—N—M
unit (see Table 9).

Finally, in the case of the Fe',Co", compound (3b), the fact
that only one t,, magnetic orbital [versus three of them in the
manganese(1I) ion] is operative for the cobalt(Il), ion decreases
the antiferromagnetic contributions and then, the ferromagnetic
one becomes dominant (see Table 9).

B CONCLUSION

In this work, we have described the syntheses, crystallo-
graphic structures, and magnetic properties of a new family of
heterobimetallic tetranuclear cyanide-bridged complexes of
general formula [Fe™,M",] [M = Mn, Ni, and Co] that has
been rationally prepared following a molecular-programmed
approach consisting of using the tricyanidometalate precursor
[Fe"™(L)(CN);]*" as ligand versus the metal ions [Mn (1), Ni
(2a and 2b), and Co (3a and 3b)] with four blocked coordina-
tion positions by two bidentate imine terminal ligands [bpy (1),
dmphen (2a—3b)] forming cyclic tetranuclear structures. This
approach is not new but contrasts with the vast majority of
previously reported cyanido-bridged tetranuclear squares pre-
pared in a one-pot reaction by serendipitous self-assembly
processes. The magnetic coupling between the Fe(IIT) and M(II)
ions through the cyanide bridge is found to be ferromagnetic for
M = Ni (2a and 2b) and Co (3a and 3b) and antiferromagnetic
for M = Mn (1). The nature of these interactions has been

6260

rationalized by means of theoretical calculations. Despite the fact
that relatively high spin ground states have been obtained in a
controlled manner for this family of tetranuclear compounds,
[S=4(1),S =3 (2a,2b), and S = 4 (3a, 3b)] with metal ions
having a large local magnetic anisotropy such as cobalt(II), no slow
magnetic relaxation effects found in single-molecule magnets were
observed. However, the rational design of discrete molecules
reported herein with a predetermined magnetic behavior opens
new gates for the synthesis of novel single-molecule magnets
by inserting metal ions with a larger magnetic anisotropy or by
better controlling the intermolecular interactions.
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