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Reaction of [(Tp)Fe(CN)s] ™ [Tp = hydrotris(pyrazolyl)borate] with respective Mn(lll) Schiff bases led to the formation of
four dimeric molecules, [(Tp)Fe(CN)s][Mn(1-napen)(H,0)]-MeCN-4H,0 [1; 1-napen = N,N'-ethylenebis(2-hydroxy-1-
naphthylideneiminato) dianion], [(Tp)Fe(CN)s][Mn(5-Clsalen)(H,0)] [2; 5-Clsalcy = N,N'-(trans-1,2-cyclohexanediyl-
ethylene)bis(5-chlorosalicylideneiminato) dianion], [(Tp)Fe(CN)s][Mn(2-acnapen)(MeOH)] - MeOH [3; 2-acnapen = N,N'-
ethylenebis(1-hydroxy-2-acetonaphthylideneiminato) dianion], [(Tp)Fe(CN)s][Mn(3-MeOsalen)(H,0)] [4; 3-MeOsalen =
N,N'-ethylenebis(3-methoxysalicylideneiminato) dianion], and a one-dimensional (1D) zigzag chain [(Tp)Fe(CN)3][Mn-
(2-acnapen)] - H,0 (5). The dimers contain multiple intermolecular interactions such as hydrogen bonds, face-to-face 77—z
contacts, and edge-to-face CH—ur forces, raising molecular dimensions from one-dimensional (1D) up to three-dimensional
(3D) arrays, whereas there are no st—ur stacking interactions in the 1D chain compound. Magnetic measurements reveal
that ferromagnetic couplings are obviously operative between Mn(lll) and Fe(lll) spin centers transmitted by CN bridges for
1—3 and 5, and antiferromagnetic interactions are however unexpectedly present in 4. On the basis of the proper spin
Hamiltonians, magnetic exchange couplings are estimated to be in the span from 1.79to 7.48 cm ™" for the ferromagnetically
coupled systems and —1.40 cm ~ ' for the antiferromagnetic dimer. A slow magnetic relaxation is tangible in 5, which is in
connection with isolated chains devoid of any intermolecular noncovalent interactions. Density Functional Theory (DFT)
calculations and comparison of structural parameters suggest that the observed magnetic behaviors are mainly associated

with the bending of the Mn—N=C angle in the bridging pathway.

Introduction

Molecule-based magnetic materials with intriguing pro-
perties such as high 7¢,' dual functions,? and photomagnetic
characters® have been one of hot issues because of their
potential applications in magnetic devices. Hexacyanometa-
lates [A(CN)g’~ (A =V, Cr, Mn, Fe), heptacyanometalates
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[B(CN);]" (B = Mo, Re), and octacyanometalates [C(CN)g] "~
(C = Mo, W, Nb) have been frequently utilized to fabricate
exotic clusters and multidimensional coordination networks. '

Incorporation of anisotropic magnetic characters into
discrete or one-dimensional (1D) structural motifs generated
slow magnetic relaxations applicable for high-density infor-
mation storage. The molecular design for single-molecule
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magnets (SMMs) and single-chain magnets (SCMs) exhibiting
such relaxed magnetizations requires blocked building units
capable of restricting structural expansion from high dimen-
sions and magnetically anisotropic sources.” Fe(III) bearing
precursors [LFe(CN)s]~, which are meridionally or facially
capped with tridentate N-donor ligands, have been success-
fully employed in the formation of magnetically coupled
systems. For instance, mer-[LFe™(CN);]~ precursors with
chelating ligands of bis(2-pyridylcarbonyl)amidate anion
(bpca),® 8-(pyridine-2-carboxamido)quinoline anion (pcq),’
8-(pyrazine-2-carboxamido)quinoline anion (pzcq),® 8-(5-
methylpyrazine-2-carboxamido)quinoline anion (szcq),9
and 8-(2-quinolinecarboxamido)quinoline anion (qcq)'® were
prepared. Self-assembly of these molecular units with judi-
cious choices of paramagnetic counterparts produced low-
dimensional magnetic families. Moreover, facial Fe''
tricyanides were designed and they accommodate block-
ing groups of hydrotris(pyrazolyl)borate (Tp), hydrotris-
(3,5-dimethylpyrazol-1-yl)borate (Tp*), tetra(pyrazol-1-yl)-
borate (pzTp), and 1,3,5-triaminocyclohexane (tach).!" The
building precursors were often taken to create numerous
magnetic systems with molecular and 1D chain structures.'!

In addition, Mn(IIl) quadridentate Schiff bases with in-
trinsic Jahn—Teller elongations in axial directions showed
sizable anisotropic characteristics. The Mn Schiff bases main-
tain two accessible sites for incoming N- or O-donorsin a trans
position. Thus, it would be reasonable to combine the blocked
molecular precursors and the Mn Schiff bases in pursuit of
low-dimensional anisotropic molecular materials.'

A limited number of cyanide-bridged Fe(III)—Mn(III)
bimetallic assemblies were structurally and magnetically charac-
terized 5~ '*!13 Notably, antiferromagnetic interactions are ex-
clusively visible in mer-Fe tricyanide-bridged complexes so
far,* 1% while magnetic properties of fac-Fe tricyanide-linked
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compounds are mostly ferromagnetic with a rare exceptional
example."” To understand a fundamental magnetic exchange
mechanism in cyanide-bridged Fe(III)—Mn(III) systems resort-
ing to the [(Tp)Fe(CN)s] ™ anion, a series of magnetic systems
need to be devised. Particularly, dinuclear structures would be
beneficial to establish the relationship between structure and
magnetic character because they can be analyzed with only one
J parameter.'* In this vein we attempted to develop fac-(Tp)-
Fe(CN)s-based dinuclear Fe(III)—Mn(III) analogues with
subtle structural variations.

~ L
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1-napen 5-Clsaley
_—— N / \
N N —N N==
O O- 70 Q Q:O- -0%3
2-acnapen 3-MeOsalen

Herein we report the syntheses, structures, and magnetic
properties of four dimeric molecules, [(Tp)Fe(CN);][Mn-
(I-napen)(H,0)]-MeCN-4H,0 (1), [(Tp)Fe(CN);][Mn(5-
Clsalen)(H,0)] (2), [(Tp)Fe(CN);][Mn(2-acnapen)(MeOH)] -
MeOH (3), and [(Tp)Fe(CN);][Mn(3-MeOsalen)(H,0)] (4),
which possess many intermolecular forces, as well as a 1D chain
compound [(Tp)Fe(CN);][Mn(2-acnapen)]- H,O (5). Density
functional theory (DFT) calculations and structural considera-
tions support that magnetic natures can be varied relying on the
bending of the Mn—N=C angle in the bridging route. A slow
magnetic relaxation is discernible in 5, which arises from the
absence of interchain noncovalent contacts.

Experimental Section

Reagent. (Ph4P)[(Tp)Fe(CN);]- H,O and Mn Schiff bases were
synthesized according to the literature procedures.'>!*>!1> All
chemicals and solvents in the synthesis were of reagent grade and
used as received. All manipulations were performed under aerobic
conditions.

Synthesis. Caution! Perchlorate salts of metal compounds with
organic ligands are potentially explosive and cyanides are toxic.
These materials should be handled with great caution.

[(Tp)Fe(CN);][Mn(1-napen)(H,0)]- MeCN-4H,0 (1). A solu-
tion of [Mn(1-napen)(H,0)]Cl (0.10 mmol) in H,O/MeCN (10
mL) was added to a solution of (Ph4P)[(Tp)Fe(CN);]-H>O (0.10
mmol) in MeOH/MeCN (1:1 v/v, 10 mL). The brown solution
was stirred for 3 min, filtered, slowly evaporated in the dark, which
gave brown crystals in 60% yield. Anal. Caled for C3gHzoBFeMn-
N1,07: C, 50.86; H, 4.38; N, 18.73. Found: C, 50.75; H, 3.96; N,
18.54.

[(Tp)Fe(CN);3][Mn(5-Clsalen)(H,0)] (2). Addition of [Mn-
(5-Clsalen)(H,0)]|CIO4 (0.10 mmol) in H,O/MeCN (1:2 v/v,
10 mL) to a solution of (Ph4P)[(Tp)Fe(CN);]- H,O (0.10 mmol)
in MeOH (10 mL) afforded a brown solution. The solution was
stirred for 3 min. The filtered clear solution was left undisturbed
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Table 1. Crystallographic Data for 1-5
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1

2

3

4

5

formula
formula weight

CigH39BFeMnN;,0O,
897.41

C3,H,9BCl,FeMnN; ;05
808.16

crystal system momoclinic monoclinic
space group C2le P2y/c
temperature (K) 130 293

a(A) 19.6777(3) 16.7206(5)
b(A) 14.2830(2) 14.4747(4)
c(A) 30.1632(4) 17.4021(5)
o (deg)

f (deg) 108.1790(10) 109.396(2)
7 (deg)

V(A3) 8054.4 3972.7(2)
zZ 8 4

deate (g cm ™) 1.480 1.351

u (mm™ Y 0.739 0.863
F(000) 3704 1648
reflections collected 32831 39977
unique reflections 10047 9831
goodness-of-fit 1.020 0.896

R1¢ V > 20(1)) 0.0446 0.0667
wR2"[I > 20(1)] 0.1120 0.1303

“R1 = SN[Fo| = |Fll/SIFol. "WR2 = [Sw(F,> — F2) /w1

C4oHyoBFeMnN,; 04
860.43

C39H3oBFeMnN; ;05
746.25

C;3H3BFeMnN 0,
796.35

monoclinic triclinic monoclinic

P2,/n P P2/c

293 293 293

14.2604(3) 12.4979(6) 12.3691(17)

17.9056(4) 13.0039(7) 14.118(2)

17.3380(4) 13.8787(12) 23.229(3)
113.551(3)

111.912(1) 107.610(2) 91.595(5)
102.448(2)

4107.28(16) 1818.8(2) 4054.8(10)

4 2 4

1.391 1.363 1.304

0.716 0.798 0.716

1780 766 1636

39953 30083 41750

10191 8662 10055

1.014 0.933 1.041

0.0615 0.0696 0.0722

0.1333 0.1767 0.1660

in the dark, producing brown crystals in 52% yield. Anal. Calcd for
C3,H,9BCLFeMnN,,05: C, 47.56; H, 3.62; N, 19.07. Found: C,
47.67; H, 3.72; N, 18.85.

[(Tp)Fe(CN)3][Mn(2-acnapen)(MeOH)]-MeOH (3). [Mn(2-
acnapen)(H,0)]Cl (0.10 mmol) was dissolved in MeOH (10 mL),
and (PhyP)[(Tp)Fe(CN);]- H,O (0.10 mmol) was dissolved in H,O/
MeCN (1:1 v/v, 10 mL). Both solutions were mixed together and
stirred for 3 min. The resultant solution was filtered, slowly evapo-
rated in the dark, which yielded brown crystals in 60% yield. The
MeOH molecules were replaced by water molecules in air. The
hydrated sample was checked by elemental analysis. Anal. Calcd for
CsgH3¢BFeMnN;04: C, 54.83; H, 4.36; N, 18.51. Found: C, 54.45;
H, 3.99; N, 18.18.

[(Tp)Fe(CN)3][Mn(3-MeOsalen)(H,O0)] (4). A solution of
[Mn(3-MeOsalen)(H,0)]ClO4 (0.10 mmol) in MeOH/MeCN (1:1
v/v, 10 mL) was reacted with a solution of (PhyP)[(Tp)Fe(CN);]-
H,0 (0.10 mmol) in MeCN (10 mL) for 3 min. The resulting
solution was then filtered and slowly evaporated in the dark, which
gave brown crystals in 40% yield. Anal. Calcd for C3yH3oBFeMn-
N;;0s: C, 48.29; H, 4.05; N, 20.65. Found: C, 48.40; H, 4.29; N,
20.17.

[(Tp)Fe(CN)3][Mn(2-acnapen)]-H,O (5). A solution of [Mn-
(2-acnapen)(H,0)]C1(0.10 mmol) in H,O/MeCN (1:1 v/v, 10 mL)
was treated with a solution of (PhyP)[(Tp)Fe(CN);3]-H,O (0.10
mmol) in MeCN (10 mL). Stirring of the solution for 3 min, it was
filtered, slowly evaporated in the dark, precipitating brown crystals
in 40% yield. Anal. Calcd for CsgHzyBFeMnN;;03: C, 56.05;
H, 4.21; N, 18.92. Found: C, 55.96; H, 4.05; N, 18.71.

Physical Measurements. Elemental analyses for C, H, and N
were performed at the Elemental Analysis Service Center of
Sogang University. Infrared spectra were obtained from KBr
pellets with a Bomen MB-104 spectrometer. Magnetic suscept-
ibilities for 1—5 were carried out using a Quantum Design
SQUID (dc) and a PPMS (ac) susceptometer. Diamagnetic
corrections of 1—5 were estimated from Pascal’s Tables.

Crystallographic Structure Determination. X-ray data for 1—5
were collected on a Bruker SMART APEXII diffractometer
equipped with graphite monochromated MoKo radiation (4 =
0.71073 A). Preliminary orientation matrix and cell parameters
were determined from three sets of w/¢ (1—3) and w scans (4
and 5) at different starting angles. Data frames were obtained at
scan intervals of 0.5° with an exposure time of 10 s per frame.
The reflection data were corrected for Lorentz and polarization
factors. Absorption corrections were carried out using

SADABS.'® The structures were solved by direct methods
and refined by full-matrix least-squares analysis using aniso-
tropic thermal parameters for non-hydrogen atoms with the
SHELXTL program.'’ Lattice solvent moleculesin 2,4, and 5
are significantly disordered and could not be modeled prop-
erly, thus the program SQUEEZE,'® a part of the PLATON
package!” of crystallographic software, was used to calculate
the solvent disorder area and remove its contribution to the
overall intensity data. All hydrogen atoms except for hydro-
gens bound to water molecules were calculated at idealized
positions and refined with the riding models.

Computational Details. DFT calculations based on the
crystallographic coordinates were carried out using the unres-
tricted B3LYP functional®® implemented in Gaussian 03.%!
The 6-311G* basis set> is used for the metal ions and the bound
atoms, and the 6-31G basis set> is taken for the other atoms.'®
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J.; Ishida, M.; Nakajima, T.; Honda, Y .; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E. ; Hratchian, H. P. ; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J. ;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y. ; Morokuma, K.;
Voth, G. A. ; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G. ; Dapprich,
S.; Daniels, A. D. ; Strain, M. C.; Farkas, O.; Malick, D. K. ; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B. ; Ortiz, J. V. ; Cui, Q.; Baboul, A. G. ;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G. ; Liashenko, A.; Piskorz,
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B.; Chen, W.; Wong, M. W. ; Gonzalez, C.; Pople, J. A. Gaussian 03, Revision
D.02; Gaussian, Inc.: Wallingford, CT, 2004.
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To evaluate exchdn];%e coug ing constants, the high-spin (HS)
state (sextet for Fe' T dimer) and the broken-symmetry
(BS) calculations employmg guess functions generated with
Gaussian 09 were separately performed. The exchange coupling
constant on the basis of the spin Hamiltonian (H = —JS;-S5) is
calculated with Eyg — Egs = —J(2515> + S») where S} and S,
stand for the total theoretical spin states of the heterometal
centers assuming S; > S,

Results and Discussion

Synthesis and Characterization. The [(Tp)Fe(CN)3]™
precursor was reacted with the Mn(III) Schiff bases,
yielding crystalline brown solids. Notably, the use of a
Mn complex chelated with 2-acnapen in the reaction
afforded a dimeric molecule (3) in H,O/MeCN/MeOH
and a 1D zigzag chain structure (5) in H,O/MeCN.
Compared with 5, the dimeric unit (3) was stabilized in
the presence of MeOH, indicating that the structural
evolution toward higher dimensionality is blocked by
the coordinative MeOH molecules in this case. Thus,
choice of solvents in reaction systems plays an important
role in engendering different structural patterns.”® The
peculiar CN stretching vibrations allow us to elucidate
coordination of CN ligands to neighboring metal ions. In
reference to the CN peak evident at 2123 m cm ™' for
[Ph4P][(Tp)Fe(CN);], the CN bands are observed at 2131
mem ' for1,213lwem ! for2,2135mand 2143 mem !
for 3, 2123 m, 2129 m, and 2137 m (sh) cm” ! for 4, and
2115w,2129 m, and 2137 m ecm™" for 5. The shift of some
CN vibrations toward higher frequencies is indicative of
the occurrence of bridging mode of CN ligands.*®

Description of the Structures. The structures of 1—5
have been characterized using single crystal X-ray diffrac-
tion techniques. Crystallographic data and the details of
data collection for all the complexes are listed in Table 1,
and selected bond lengths and angles for 1—5 are sum-
marized in Table 2.

Complexes 1—4. The crystal structures of dimeric
complexes 1—4 are depicted in Figure 1 with the selected
atom-labeling schemes. The anionic precursor [(Tp)Fe-
(CN);] and the cationic Mn Schiff bases in the structures
are linked together through a single CN bridge. The
dimeric moiety is completed by the coordination of a
water or a methanol molecule to one of the axial sites of
the Mn Schiff base. Each Fe center adopts a distorted
octahedral geometry consisting of three N atoms from Tp
and three C atoms from CN ligands. One of three CN
groups participates in additional binding to an adjacent
Mn ion and the other CN ligands remain unbound. The
average Fe—C bond lengths are similar, 1.924(4) A for 1,
1.933(8) A for 2, 1.926(12) A for 3, and 1.916(1) A for 4.
The Fe—C—N angle is deviated from 180°, being 5.0° in
maximum for 1, 2.9° for 2, 2.5° for 3, and 3.0° for 4. The
Mn environment is best described as a Jahn—Teller
distorted octahedron comprising the equatorial short Mn—
N(O) bond lengths [mean Mn—N(O).q = 1.93(5) A for 1,
1.93(7) A for2, 1 94(7) A for 3, and 1 .92(5) A for 4] and
the apical long Mn—N distances [Mnl—N,, = 2.334(2) A

(24) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. J. Comput. Chem. 1999,
20, 1391.

(25) Wang, X.-Y.; Wang, L.; Wang, Z.-M.; Gao, S. J. Am. Chem. Soc.
2006, 128, 674.

(26) Dunbar, K. R.; Heintz, R. A. Prog. Inorg. Chem. 1997, 45, 283.
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Table 2. Sclected Bond Lengths (A) and Angles (deg) for 1-5

1

Fe(1)—-C(3) 1.9202)  Fe(1)—C(1) 1.926(2)
Fe(1)—C(2) 1.927(2) Fe(1)~N(4) 1.969(2)
Fe(1)—N(5) 1.9757(19)  Fe(1)—N(6) 1.9862(19)
N(1)-Mn(1) 23342)  Mn(1)-0Q) 1.8792(18)
Mn(1)-O(1) 1.8958(16)  Mn(1)—N(11) 1.965(2)
Mn(1)—N(10) 1.9742)  Mn(1)-0(3) 2.2780(17)
N(1)—C(1)—Fe(1) 176.822)  C()—N()—Mn(l)  156.31(19)
N(2)—C(2)—Fe(1) 176.822)  N(3)—C(3)—Fe(l)  175.0(2)

2
Fe(1)—C(1) 1.925(5) Fe(1)-C(2) 1.934(6)
Fe(1)—C(3) 1.941(4) Fe(1)-N(8) 1.964(4)
Fe(1)-N(4) 1.974(3) Fe(1)~N(6) 1.987(4)
N(1)-Mn(1) 2307(4)  Mn(1)-0(Q2) 1.860(3)
Mn(1)—O(1) 1.8803)  Mn(1)=N(11) 1.980(3)
Mn(1)=N(10) 1.990(4) Mn(1)—0(3) 2.293(3)
N(1)—C(1)—Fe(1) 178.4(4)  C(1)—-N(1)-Mn(l)  157.7(4)
N(2)—C(2)—Fe(1) 178.1(4) N@3)-C(3)-Fe(l)  177.1(4)

3
Fe(1)—C(1) 1.9124)  Fe(1)-C(2) 1.929(4)
Fe(1)~C(3) 1.936(4)  Fe(1)-N(4) 1.972(3)
Fe(1)—~N(6) 1.981(3)  Fe(1)-N(8) 1.982(3)
N(1)-Mn(1) 22473)  Mn(1)-0Q) 1.878(3)
Mn(1)—O(1) 1.880(3)  Mn(1)=N(11) 1.991(3)
Mn(1)—N(10) 1.9943)  Mn(1)-0(3) 2.252(3)
N(1)—C(1)—Fe(1) 177.53) C()-N()-Mn(l)  159.03)
N(@2)—-C(2)—Fe(1) 178.14)  N(3)—C(3)—Fe(l)  177.7(4)

4
Fe(1)—C(1) 1.9155)  Fe(1)-C(2) 1.916(5)
Fe(1)—-C(3) 1.917(6) Fe(1)-N(6) 1.966(4)
Fe(1)-N(4) 1.980(4) Fe(1)~N(8) 1.982(4)
Mn(1)—O(1) 1.8703)  Mn(1)-0(2) 1.882(3)
Mn(1)—N(10) 1.9554)  Mn(1)-N(11) 1.978(5)
Mn(1)=N(1) 2.298(4)  Mn(1)—O(5) 2.340(3)
N(1)—C(1)—Fe(1) 177.05)  N(Q)—C()—Fe(l)  177.8(5)
C(D-N()-Mn(l)  163.8(4)  N@)—C(3)—Fe(l)  178.7(5)

5
Fe(1)-C(3) 1.9134)  Fe(1)—-C(2) 1.923(4)
Fe(1)~C(1) 1.930(4) Fe(1)~N(6) 1.965(3)
Fe(1)~N(8) 1.967(3)  Fe(1)-N(4) 1.990(3)
N(1)-Mn(1) 2372(3)  N@3)-Mn(1)b 2.322(3)
N(10)—Mn(1) 1.967(4) Mn(1)—0(2) 1.868(3)
Mn(1)—O(1) 1.8732)  Mn(1)-N(11) 1.990(3)
Mn(1)-N(3)a 2.322(3)
N(1)—C(1)—Fe(1) 17323)  C()—N(1)-Mn(1)  149.3(3)
N(2)—C(2)—Fe(1) 178.54)  N(3)-C(3)—Fe(l)  177.6(3)
C(3)-N3)-Mn(D)b  148.7(3)

for 1, 2.307(4) A for 2, 2.247(3) A for 3, and 2.298(4) A
for 4 Mnl—0, = 2. 278(2) A for 1, 2.293(3) A for 2,
2. 252(3) A for 3, and 2. 340(3) A for 4] The Mn—N-— C
angles in the bridging pathways are 156.31(19)° for 1,
157.7(4)° for 2, 159.0(3)° for 3, and 163.8(4)° for 4, which
are magnetically important. The intradimer distances
between Fe and Mn centers are 5.283 A for 1, 5.228 A
for 2, 5.211 A for 3, and 5.298 A for 4.

In the extended structure of 1 (Figure 2), extensive 1—7
interactions between naphthalene rings with centroid
distances of 3.536 and 3.534 A occur where the inter-
molecular Mnl1—Mnl separation is 7.868 A. The corre-
lated dimer of dimers through the intermolecular contacts
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(©)

Figure 1. Molecular views of (a) 1, (b) 2, (c) 3, and (d) 4 with the selected atom-labeling schemes. The colors represent Fe in pink, Mn in green, N in blue,

O in red, B in brown, and C in gray.

propagate further with additional 77—z stackings between
benzene rings (centroid distances =3.685 and 3.730 A;
interdimer Mnl—Mn1 distances =7.894 and 7.903 A, res-
pectively). Interestingly, CH—u interactions between pyr-
azole hydrogens and benzene rings (distance =2.658 A)
reside within a dimeric unit. Furthermore pyrazole rings
are stacked with a distance of 3.526 A, and the intermole-
cular Fel—Fel distance is 8.063 A. The N atoms of un-
bound CN groups form hydrogen bonding to lattice water
molecules (N2—Ow = 2.942 A, N3—Ow = 2.817 A), which
are further hydrogen-bonded to axially coordinated water
molecules (Ow—03 = 2.698 and 2.825 A). Overall, such
multiple intermolecular contacts lead to the construction of
a complicated three-dimensional (3D) architecture.

The extended molecular view of 2 (Figure 3) shows that
water molecules (O3) and phenoxide oxygens (O1) are
doubly hydrogen-bonded to confer a dimer of dimers
(O1—03 = 2.825 A). At the same time, there are intra-
molecular 7—o interactions between benzene rings of
5-Clsalcy (centroid distance =3.739 A). The Mn—Mn
distance through these noncovalent bondsis 5.056 A. The
structure is expanded toward a 1D chain with assistance
of CH—x interactions between pyrazole rings of Tp
ligands and benzene rings (distance =2.643 A) 27

As shown in Figure 4, two types of intermolecular 71—
contacts between pyrzaole rings of Tp ligands (centroid

(27) Hong, C.S.; Yoon, J. H.; Lim, J. H.; Ko, H. H. Eur. J. Inorg. Chem.
2005, 4818.

distances =3.646 and 3.971 A) are found in 3, and the
Fe—Fe distances via the contacts are 7.868 and 7.981 A,
respectively. One (N3) of two free CN groups of the Fe
tricyanide and a coordinate water molecule (O3) consti-
tute hydrogen bonding (N3—03 = 2.769 A) with an
intermolecular Fe—Mn distance of 7.006 A. All the
intermolecular stackings bring about the building of a
3D network structure.

For 4 (Figure 5), axial water molecules bound to Mn
ions are subject to quadruple hydrogen bonds among
phenoxide oxygens and methoxy oxygens of 3-Meosalen,
resulting in a dimer of dimers. The hydrogen bond lengths
range from 2.898 A 10 2.940 A. Additional 7—zx interac-
tions between benzene rings (centroid distance = 3.939 A)
coexist, and the interdimer Mn—Mn distance is 4.868 A.
The dimer of dimers are correlated through extra m—u
interactions between pyrazole rings of Tp ligands
(centroid distance =3.554 A, intermolecular Fe—Fe dis-
tance =7.573 A) giving rise to a 1D structure.

Complex 5. The structure of 5 is made up of the facial
Fe tricyanide precursor and the [Mn(2-acnapen)] " moiety
(Figure 6). A zigzag 1D chain is organized in a way that
two CN ligands of Tp link adjacent Mn(L)" moieties. In
the Fe side, the average Fe—C bond length is 1.922(9) A
and the maximal deviation of the Fe—C—N angle from
linearity is 6.8°. A significant Jahn—Teller tetragonal
elongation around a Mn center emerges as judged by
the equatorial short Mn—N(O) bond lengths [mean Mn—
N(O) = 1.93(6) A] and the apical long Mn—N distances
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(b)

Figure 2. Extended structure of 1 formed by 7—a contacts and CH—x
interactions.

Figure 3. Extended structure of 2 displaying 77—z contacts and CH—x
interactions.

[Mnl—NI = 2.372(3) and Mnlb—N3 = 2.322(3) A; b =
1 —x,0.5+y,0.5— z]. The Mn—N—C angles are 149.3(3)°
for Mn1—N1—CI and 148.7(3)° for Mn1b—N3—C3. The
intrachain Fe—Mn distances are 5.203 A for Fel—Mnl and
5.185 A for Fel—Mn1b. In contrast to the dimeric systems,
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Figure 4. Extended structure of 3 showing 77— contacts and hydrogen
bonds.

complex 5 has no ;t— stacking interactions between chains
(Supporting Information, Figure S1). The shortest inter-
chain Fe—Mn distance is 9.187 A.

Magnetic Properties of 1. The magnetic susceptibility
data per FeMn of 1 were collected at a field of 1000 G and
temperatures of 2—300 K, as seen in Figure 7. The y,, T
value at 300 K is equal to 4.23 cm® K mol ™', which is
larger than the spin-only one (3.38 cm® K mol ') antici-
pated from noncoupled one Fe'"' (Sg. = 1/2) and one
Mn"" spins (Smn = 2). It is mentioned that the approxi-
mate point group of [Fe(Tp)(CN);] ™ is Cs,, and in the
(35, FeN3(CN); coordination compressed along the tri-
gonal axis the orbital ground state is doubly degene-
rate. In this case, the orbital moment of Fe(IIl) is
unquenched and is coupled with spin via spin—orbit
coupling.”® This contribution may be responsible for the
observed high y,,7 value. As the temperature is lowered,
xmT increases gradually and then abruptly, reaching a
value of 5.92 cm® K mol™' at 6 K. Below the cusp
temperature (7T,.), @ sharp drop in y,,7 is obviously
observed. The rise in the y,,7(7) plot indicates the pre-
sence of intradimer ferromagnetic interactions through
the CN linkage, and the decrease below T},,, may origi-
nate from zero-field splitting of the molecule.

Employing a dinuclear magnetic model with the spin
Hamiltonian H = —JSp, - Sg. under consideration of the
intermolecular interactions (zJ'), we fitted the experi-
mental data (7" > 6 K) to the equation below.

x = (Ng*B*/3KT)[4/B] (1)
A =15+ 52.5exp(2.5x), B =4+6exp(2.5x),

x =J/kT

Im =2/(1 =2y /NGB

A fitted resultisg = 2.19,J = 7.48cm ™', and zJ' = 0.19
cm~'. From the magnetic parameters, it is manifest that

(28) Atanasov, M.; Comba, P.; Daul, C. A. Inorg. Chem. 2008, 47, 2449.
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Figure 5. Extended structure of 4 including 77— contacts and hydrogen bonds.

Figure 6. Molecular view of 5 with the selected atom-labeling scheme.
Symmetry transformations used to generate equivalent atoms:a = —x + 1,
y—05-z24+05b=—-x+1,y+0.5 —z+0.5.

ferromagnetic interactions between Mn(IIT) and Fe(I1I)
are mediated by the CN bridge. The resultant J value is
similar to those of most bimetallic Fe"'"Mn'"" com-
pounds based on the same fac-Fe tricyanide,' and these
magnetic traits are, however, contrary to Fe'"Mn"!
families with mer-Fe tricyanides where antiferromag-
netic properties are dominantly detected.* '° The M(H)
curve demonstrates that the magnetization value is
saturated at 5.69 Nf at 7 T, which is slightly larger than
the theoretical value calculated from g(Syvn + Ske) with
g = 2.19.
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Figure 7. Plotsofy,,7vs T'at0.1 T (main panel) and magnetization vs H
at 2 K (inset) for 1. The solid line in the main panel represents the
computed curve.

Magnetic Properties of 2. The temperature dependence
of magnetic data for 2 is plotted in Figure 8, measured at
0.1 T and the temperature range of 2—300 K. The y,, T
value is 4.09 cm® K mol " at 300 K, a little larger than the
expected value for independent Mn(I1I) and Fe(III) spins
assuming g = 2. A gradual increase in y,, 7'is encountered
on cooling, and a maximum of 4.25 cm® K mol™'at 20 K
is reached. This general trend in y,,, 7 again evidences the
operation of ferromagnetic couplings among magnetic
centers. A sharp downturn in the y,,7 versus 7" graph is
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Figure 8. (a) Plots of y,7 vs 7 at 0.1 T in the main panel and
magnetization vs H at 2 K in the inset for 2. The solid line stands for
the fitted curve. (b) Plots of y,,, vs T at indicated fields for 2.

found right below the maximum temperature, which is
associated with zero-field splitting and/or intermolecular
antiferromagnetic interactions.

The magnetic exchange coupling constant in 2 was assayed
by applying the dinuclear eq 1. A best fit affords parameters
of g =220,J = 6.66cm™ ", and zJ'= —0.67cm ™ '. The mag-
netic data in the whole temperature range are well reproduced
with these values. The positive J constant designates that
ferromagnetic interactions within a dinuclear unit are opera-
tive through the bridging CN group. The interdimer anti-
ferromagnetic interactions (zJ) can be communicated
through double hydrogen bonds between phenoxide oxygens
and coordinate water molecules because the shortest inter-
dimer M—M distance of 5.056 A is relevant to the noncova-
lent contacts (Figure 3). In the M(H) data, the S-shaped
curve arrives at a saturation magnetization of 5.22 Nj3, which
approaches the calculated one from Sy, and Sk, with g =
2.2. The derivative of M(H) against H has a peak at Hc =
15 kG. As illustrated in Figure 8(b), the field-cooled magne-
tizations clearly reveal a magnetic phase transition below and
above Hc. It appears that the weak interdimer antiferromag-
netic interactions are overcome by the external magnetic field
above Hc and all spins are aligned in the field direction. This
feature can be understood in terms of a field-induced spin-
flop-like transition from the antiferromagnetic state among
dimers to a paramagnetic phase. The similar phenomenon

(29) (a) Hu, K.-L.; Kurmoo, M.; Wang, Z.; Gao, S. Chem.—Eur. J. 2009,
15,12050. (b) Li, W.; Ju, Z.-F.; Yao, Q.-X.; Zhang, J. CrystEngComm 2008, 10,
1325. (¢) Ko, H. H.; Lim, J. H.; Yoo, H. S.; Kang, J. S.; Kim, H. C.; Koh, E. K.;
Hong, C. S. Dalton Trans. 2007, 2061. (d) Yoon, J. H.; Yoo, H. S.; Kim, H. C.;
Yoon, S. W.; Suh, B. J.; Hong, C. S. Inorg. Chem. 2009, 48, 816. (¢) You, Y. S.;
Yoon, J. H.; Kim, H. C.; Hong, C. S. Chem. Commun. 2005, 4116.
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Figure 9. Plotsofy,,,7vs T'at0.1 T (main panel) and magnetization vs H
at 2 K (inset) for 3. The solid line gives the fitted curve.

was also found in magnetic assemblies connected by diverse
bridges such as cyanide-, carboxylate-, or azide.”’

Magnetic Properties of 3. The cryomagnetic data for 3
are plotted in Figure 9. For 3, y,,7 at 300 K is equal to
3.38 cm® K mol ™', in good agreement with the expected
spin-only value from noncoupled Fe"! (Sg. = 1/2) and
Mn"™ (Syn = 2). As the temperature is lowered, ¥, T
increases gradually and amounts to a maximum of 4.84
em® K mol ™" at 6 K. This behavior is in concert with the
presence of ferromagnetic couplings between magnetic
centers. An abrupt drop below 6 K is attributable to zero-
field splitting of a ground state.

The magnetic exchange coupling constant of 3 was
obtained using the same dinuclear model. A best fit to
the experimental data gives g = 1.98,J = 491 cm ™!, and
zJ' = 0.30 cm ™ '. Like 1 and 2, intradimer ferromagnetic
couplings are transmitted by the CN bridge. In the M(H)
curve, the saturation magnetization value corresponds to
4.32 N, close to the theoretical one anticipated from the
ferromagnetic consequence of g(Syin+Sge). A small dis-
crepancy between experimental and theoretical values
arises from the magnetic anisotropy of the dimer.

Magnetic Properties of 4. The temperature dependence
of the magnetic susceptibility was recorded at H = 0.1 T
and T = 2—300 K (Figure 10). The y,, 7 value of 3.49 cm®
K mol ™" at 300 K is somewhat smaller than the theore-
tical value for noninteracting Mn(III) and Fe(III) ions
with g = 2. Decreasing the temperature causes y,,7" to
undergo a continuous reduction and then a drastic drop.
It is noteworthy that this behavior definitely represents
the existence of antiferromagnetic interactions among
Mn(III) and Fe(III) centers, which is in conflict with the
magnetic properties observed in 1—3.

To probe the magnetic exchange coupling constant be-
tween paramagnetic centers we used the dinuclear magnetic
model again. A least-squares fit yields g = 2.02,J = —1.40
em !, and zJ'= —0.13 cm™'. The negative J value stands
for intradinuclear antiferromagnetic arrangements exchan-
ged via the CN bridge, which is opposite to the other
Fe(IIT)—Mn(I1I) dimers of 1—3. The field-dependent mag-
netization at 2 K was measured in # = 0—7 T, as shown in
the inset of Figure 10. The characteristic sigmoidal curve
is observed, and it is related to a field-induced magnetic phase
transition.”” The critical field of He = 15 kG is taken by the
peak of dM/dH. At 7 T, the magnetization is saturated
at 441 NS at 7 T, which is similar to g(Syu,+Sge) with
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Figure 10. Plots of ,,,7'vs T'at 0.1 T (main panel) and magnetization vs
H at 2 K (inset) for 4. The solid line denotes the fitted curve.
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Figure 11. (a) Plots of y,,,7vs T'at 0.1 T (main panel) and magnetization
vs H at 2 K (inset) for 5. The solid line denotes the fitted curve. (b) Plot of
out-of-phase (y,,,") component of ac magnetic susceptibility data for 5.

g = 2.02. From the M(H) data, we conclude that the anti-
ferromagnetic coupings within a dimer and between dimers
are destroyed by the application of a magnetic field (H > H¢)
and that all spins are oriented along the field direction.
Magnetic Properties of 5. Figure 11(a) shows the
temperature dependence of magnetic data at H = 0.1
T and T = 2—300 K. The room-temperature y,,7 is 3.96
cm® K mol ™!, which is consistent with the predicted spin-
only value from noncoupled Fe'"" (Sg. = 1/2) and Mn'"
(Smn = 2) spins. The y,,, 7' product increases steadily and
then dramatically, attaining a value of 21.37 cm’® K
mol ™! at 2 K. This magnetic variation as a function of
temperature suggests the presence of ferromagnetic
alignments among Mn(III) and Fe(III) spin centers.
We applied an analytical expression derived from a
regular chain system (H = —J="S;+S,,) to inspect the
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magnetic exchange coupling.™

Nﬁz 21+u zl_u

T =—" o —— 2
Xm 3kgl—u+ 1+u (2)

The pdrdmeters are as follows: gyn® = gmn[SMn-
(Sntnt DI 8" = grd Sre(Skert DI = T Swin(Swin + 1)-
Sre(Sre + 1)]1/ & = (gvn + gre)/2,0 = (gvn” — gre)/2
u = coth(J°/kT) — (kT|J). A least-squares fitting gives rou-
ghly estlmated parameters of gyn =g = 2.13and J = 1.79
em '3 We retained gy, = gpe to accurately determine the
twog parameters This result discloses that spins in a chain are
ferromagnetically coupled, which agrees well with 1—3 and
most magnetic systems containing the fac-Fe tricyanide.'"
The saturation magnetization value in the M(H) plot corres-
ponds to 4.45 Nf at 7 T, which is analogous to the theoretical
one calculated from the ferromagnetic result of two spin cen-
ters. The isofield curves in the reduced magnetization data at
low temperatures (2—5 K) and high magnetic fields (1—7 T)
are not superimposed (Supporting Information, Figure S2).
To evaluate spin dynamics in 5, ac magnetic data were
collected at zero dc field, an ac amplitude of 5 G, and several
oscillating frequencies, as given in Figure 11(b). The out-
of-phase components (y,,”) are frequency-dependent, point-
ing out a slow magnetic relaxation. Considering that there are
no appreciable interchain contacts, this is reminiscent of a
superparamagnetic-like behavior.>*

Magnetostructural Correlation. To gain insight into the
magnetic exchange mechanism we selected the dinuclear
complex 3 for representative DFT calculations and were
able to use the whole molecule in the calculations without
artificial fragmentations.”> The calculated exchange
parameter based on Supporting Information, Table S1
is 6.4 cm™', which agrees well with the experimental
parameter (J = 4.91 cm™").

The spin density distributions for the high-spin and
low-spin states of 3 are illustrated in Figure 12. The spin
density at the Fe center is fit for the occupation of a d,,
orbital, while that at the Mn center is viewed as a distorted
cube 1nfluenced from t2a and eé electronic configura-
tions.* In terminal CN ligands it is obviously unveiled
that the spin density of the N atom is mainly of 7z-type and
has the same sign of the Fe spin density.

The magnetic natural orbitals®® for the sextet state of 3
are depicted in Supporting Information, Figure S3. The
magnetic orbitals of Mn are composed of a mixing of the
tag e, set. The Fe center has the d,, orbital shape, which is
identical to the spin density of the Fe ion. The magnetic

(30) Drillon, M.; Coronado, E.; Beltran, D.; Georges, R. Chem. Phys.
1983, 79, 449.

(31) MnIII was assumed to act as a classical spin carrier with Sy, = 2,
leading to an effective alternating chain with Sy, = 2 and Sg. = 1/2. The
magnetic model may be roughly applied to the system with the quantum spin
Ske= 1/2.

(832) (a) Zheng, Y.-Z.; Lan, Y.; Wernsdorfer, W.; Anson, C. E.; Powell, A.
K. Chem.—Eur. J. 2009, 15, 12566. (b) Yoo, H. S.; Ko, H. H.; Ryu, D. W.; Lee, J.
W.; Yoon, J. H.; Lee, W. R.; Kim, H. C.; Koh, E. K.; Hong, C. S. Inorg. Chem.
2009, 48, 5617.

(33) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. J. Comput. Chem. 1999,
20, 1391.
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(a)

Figure 12. Spin density for the high-spin (sextet) state (a) and the broken -symmetry low-spin (quartet) state (b) of 3. The excess ac and f3 spins are shown in

blue and green, respectively. The isovalue of the surface is 0.002 e A

Table 3. Specific Structural Parameters” and Related Magnetic Coupling
Constants for Fe(IlI)~Mn(III) Systems Constructed from fac-Fe"" Tricyanide

compounds structure  Mn—Ngyano (A) Mn—N=C (deg) J(cm™ ")

1 dimer  2.334(2) 156.31(19) 7.48
2 dimer  2.307(4) 157.7(4) 6.66
3 dimer  2.247(3) 159.0(3) 4.91
4 dimer  2.298(4) 163.8(4) -3.14
5 1D chain 2.372(3), 2.322(3) 149.3(3), 148.7(3) 1.79

“Mn—Ngyano lengths and Mn—C=N angles in the bridging
pathways.

interaction between Fe(IIl) and Mn(III) can be under-
stood by overall competition between antiferromagnetic
(Jar) and ferromagnetic (Jg) terms [J = (1/nang)Z;J; =
Jar + Jr where Jj;is the contribution of pairs of magnetic
orbitals, n the number of unpaired electrons, and Jap is
proportional to the overlap integral (S) between the
magnetic orbitals].>® As seen in Supporting Information,
Figure S3, two among five magnetic orbitals possess some
mixing originated from each metal atom. This designates
that S is not zero and the antiferromagnetic component
(Jar) exists.®> However, in this case of 3, the occupied Fe
d orbital has a sufficiently small overlap with the mag-
netic orbitals on Mn, and hence the contribution from Jg
prevails, finally leading to the observed ferromagnetic
behavior in 3. The similar orbital concept could be
applied to complexes 1 and 2 exhibiting ferromagnetic
interactions.

To get a more general magnetostructural relationship
in the current Fe—C=N—-Mn platform, Mn—Ncyauno
lengths, Mn—N=C angles, and magnetic coupling con-
stants of all samples are summarized in Table 3. The
magnetic exchange couplings would be affected by the
structural parameters relevant to the CN bridge between
Mn(III) and Fe(IIT) centers. For the dimeric structures of
1—4, the Mn—N (a5, bond lengths tend to decline and the
Mn—N=C angles become more linear on moving from 1
to4. Itis noticed that as the angle increases the magnitude
of Jis inclined to lessen gradually and eventually turns to
be negative in 4. This feature indicates that the increase of
the Mn—N=C angle toward linearity improves a degree
of overlap of magnetic Fe and Mn d, orbitals, resulting in

(36) Kahn, O..Molecular Magnetism; VCH: Weinheim, 1993.

(b)
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Figure 13. Correlation between magnetic coupling constants and
Mn—N=C angles of complexes 1—5.

the dominance of Jog over Jg at a critical angle and in
turn favoring the antiferromagnetic couplings in 4.'°
Similar magnetic features were also found in other cyanide-
bridged Fe(III)-Mn(III) systems.>”** As far as the
dimeric complexes are concerned, a linear relationship
is established with an equation of J (cm™') = 239.63 —
1.48a where a is the Mn—N=C angle (Figure 13 ). On the
basis of the expression, the critical bond angle at which
magnetic nature crosses is estimated to be 161.9°, which
is in good agreement with the trend where magnetic
interactions were mainly subject to change at a Mn—
N=C angle of 162°.* On the other hand, when the
bending of the Mn—N=C angle is much more severe
as in 5, the level of the orbital overlaps is likely pro-
nounced because of relative rotations of pertinent mag-
netic orbitals, and then the Jar term is reinforced to
some extent.*” Accordingly, the strength of the magnetic
exchange coupling (/) diminishes as a consequence of
competing effects from Jg and Jap. This may be a

(37) Ni, Z.-H.;Kou, H.-Z.; Zhang, L.-F ; Ge, C.; Cui, A.-L.; Wang, R.-J.;
Li, Y.; Sato, O. Angew. Chem., Int. Ed. 2005, 44, 7742.

(38) Her,J.-H.; Stephens, P. W.; Kareis, C. M.; Moore, J. G.; Min, K. S.;
Park, J. W.; Bali, G.; Kennon, B. S.; Miller, J. S. Inorg. Chem. 2010, 49, 1524.

(39) Ni, Z.-H.; Tao, J.; Wernsdorfer, W.; Cui, A.-L.; Kou, H.-Z. Dalton
Trans. 2009, 2788 and references therein.

(40) Zhang, Y.-Z.; Gao, S.; Wang, Z.-M.; Su, G.; Sun, H.-L.; Pan, F.
Inorg. Chem. 2005, 44, 4534.
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feasible scenario accounting for the lowered J value in 5
compared with those of 1—3.

Conclusions

We have prepared and characterized four dimeric and one
chain Fe(III)—Mn(IIl) compounds based on the [(Tp)Fe-
(CN)3] anionic precursor and the anisotropic Mn(III) Schiff
base cations. Noncovalent contacts of hydrogen bonds, face-
to-face w—s contacts, and edge-to-face CH—uxr forces exist
among the dimeric molecules, which are responsible for
enhancing molecular dimensions. On the contrary, no 7—mx
stacking interactions are detectable in the 1D chain com-
pound. Magnetic data show that ferromagnetic couplings are
present between Mn(I1I) and Fe(III) spin centers in 1—3 and
5, while antiferromagnetic interactions are solely found in 4.
The magnetic couplings range from 1.79 to 7.48 cm ™' for the
ferromagnetic systems and correspond to —1.40 cm ™' for the

Kwak et al.

antiferromagnetic molecule. A slow magnetic relaxation is
interestingly apparent in 5, which emanates from the presence
of well-isolated anisotropic chains. DFT calculations and
structural analyses suggest that the observed magnetic beha-
viors are due mainly to the bending of the Mn—N=C angle in
the bridging pathway.
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