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Cyanide-Bridged [Co",M"] and [Co",M",] Complexes Based on the
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Properties, and Density Functional Theoretical Studies
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Abstract: Two families of cationic cya-
nide-bridged complexes, namely, {[Co-
(triphos)(CN),LL,[M(MeOH),]}(CIO,),
([Co,M] M=Mn, Fe, Co, and Ni; tri-
phos=1,1,1-tris((diphenylphosphino)-

plexes [Co,Mn], [Co,Fe], and [Co,Co],
as well as both new tetranuclear com-
plexes [Co,Mn,] and [Co,Ni,], exhibit
antiferromagnetic coupling between
metal centers. In contrast, the [Co,Ni]

actions between the Co" and Ni" cen-
ters. The magnetic behavior for these
complexes was investigated by DFT
calculations and was found to derive
from overlap patterns of the different

methyl)ethane) and  {[Co(triphos)-
(CN),,[M(MeOH),[,}(ClO,), ([Co,M,]
M=Mn and Ni) have been prepared
from reactions of [Co"(triphos)(CN),]
and M(CIO,),-6H,0 (M=Mn, Fe, Co,
Ni) in methanol. The trinuclear com-

Introduction

Cyanide chemistry is a convenient route to compounds with
diverse properties.?! In particular, research efforts over the
past decade have led to the isolation of many discrete cya-
nide molecules with fascinating magnetic properties.” Ex-
tensive spectroscopic, electrochemical, and occasionally the-
oretical studies, have provided valuable insight into the
nature of the photophysical, electronic, and magnetic prop-
erties of cyanide compounds.

Among the advantages to using the cyanide ligand to
build magnetic architectures are that both the structures and
superexchange interactions between metal centers that are
bound in an end-to-end fashion can typically be predicted.
Specifically, it is known that in most cases unpaired elec-
trons in orbitals of octahedrally coordinated metal centers
in the M—CN—M’ pair couple antiferromagnetically if the
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is characterized by ferromagnetic inter-
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magnetic orbitals as influenced by the
angles of the cyanide bridges.
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orbital mixing is symmetry-allowed (t,—t,, or e,—€,) and fer-
romagnetically if the orbitals are orthogonal to each other
(t,—€,). Although these principles of magnetic coupling for
octahedral metal ions have been amply verified by experi-
mental observations, relatively little is known about cou-
pling through cyanide for other metal ion geometries.”!
Changes in the coordination environment can alter the dis-
position of the magnetic orbitals and, consequently, the
nature of magnetic superexchange,'’ " as nicely illustrated
by a series of dinuclear cyanide-bridged Cu" complexes in
which the Cu" centers adopt a trigonal-bipyramidal coordi-
nation geometry. The superexchange values (J) for a series
of these clusters vary over an order of magnitude, a result
that has been explained on the basis of a difference in the
orientation of the d, magnetic orbital, a conclusion that was
supported by theoretical studies.”!

A common strategy in cyanide magnetochemistry re-
search is to design suitable precursors equipped with one or
more cyanide ligands as well as capping groups and to react
such building blocks with metal complexes that possess
open sites or substitutionally labile ligands. The nature of
the resulting compound is governed by the geometry of the
reactants, with the less soluble neutral product(s) typically
being favored. The majority of known cyanide magnetic
clusters prepared in this manner have all of their cyanide li-
gands involved in bridging interactions, with the remaining
coordination sites being occupied by a polydentate ligand:
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examples of such complexes are {[Cu"(tpa)],[Ni"(CN),]}-
(C10,)* and  {[(bpy),Fe"(CN),],[Fe"(tpa) ,}(BF,)," by
Vahrenkamp et al. (tpa=tris(2-pyridylmethyl)amine, bpy=
2.2-bipyridine), ~ {[(bpy),Fe"(CN),L[Co"(bpy),L}(PFy); by
Oshio et al.,”? {[(triphos)Re"(CN);],[Mn"'Cl],} by Dunbar
et al. (triphos =1,1,1-tris((diphenylphosphino)methyl)-
ethane),® and {[(tacn)Co"(CN),],[Cr"(tacn)],}OTf,?¥ and
{[(Mestacn)Cu"];[ TpFe"'(CN);],}(ClO,),*! (tacn=1,4,7 -tri-
azacyclononane, Tp =hydrotris(1-pyrazolyl)borate) by Long
etal. A less common class comprises neutral clusters with
dangling cyanide and/or labile ligands that are accessible for
further reactions such as {[(bpy)Cr™(CN),],[Mn"(H,0),]} by
Julve etal.,”! {[(Tp)Fe"(CN);],[Mn"(MeOH),]} by Gao
etal.,” and ({[(bpy)WY(CN)],[Co"(dmso),]} by Hong
et al.®

Another more challenging, but attractive, strategy to
access discrete mixed-metal cyanide molecules is to prepare
clusters that are charged rather than neutral, and which con-
tain reactive sites that allow entry into systematic prepara-
tion of higher nuclearity clusters. One of our strategies to
this end has been to use the pentacoordinate neutral mole-
cule [Co'(triphos)(CN),]®¥ as, for example, in reactions
with 3d metal-ion chlorides to prepare molecular squares of
general formula {[Co"(triphos)(CN),[,[MCL],} (M=Mn, Fe,
Co, Ni, Zn).P% Magnetic studies revealed that antiferro-
magnetic coupling occurs between the square-pyramidal
low-spin Co" centers (S=1/2) and the tetrahedral metal
ions in this family of cyanide-bridged clusters.

A logical extension of the aforementioned chemistry is to
introduce capping solvent molecules in place of the chlor-
ides. This chemistry resulted in the isolation of two new
types of trinuclear and tetranuclear cyanide-bridged clusters,
the syntheses, structures, and magnetic properties of which
are reported herein. To augment our understanding of the
experimental data, DFT calculations were performed to
gain insight into the nature of the different magnetic inter-
actions observed for the analogs containing the Co"-CN—
Ni" unit.

Experimental Section

Physical measurements: IR spectra were measured as Nujol mulls placed
between KBr plates on a Nicolet 740 FT-IR spectrometer. Magnetic
measurements were performed on crushed polycrystalline samples with a
Quantum Design SQUID magnetometer MPMS-XL. DC magnetic sus-
ceptibility measurements were carried out in an applied field of 1000 G
in the 2-300 K range. Magnetization data were collected at 1.8 K with
the magnetic field varying from 0 to 7 Tesla. Field- and temperature-de-
pendent magnetization data were collected in the 1.8-3.9 K temperature
range in fields of 1-7 Tesla. The data were corrected for diamagnetic con-
tributions calculated from the Pascal constants.

Computational studies: The molecular and electronic structure calcula-
tions were performed by DFT methods by using the Gaussian 03 (G03)
program package.® The B3LYPP+*% functional along with the 6-31G*
basis set was used for H, C, N, and O*" along with the Couty—Hall
Modified LANL2DZ basis sets® for transition-metal ions. Hydrogen
atoms were used in place of phenyl groups of the triphos ligand in the
computational models. All geometries were fully optimized under the
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conditions of the respective programs. Orbital analysis was completed
with Molekel 4.3.%]

Syntheses

Starting materials: The starting materials Mn(ClO,),:6H,0, Fe-
(Cl10,),*6H,0, Co(BF,),6H,0, Ni(ClO,),6H,0, triphos, and anhydrous
CoCl, were purchased from Aldrich and used as received. The precursors
[Co(triphos)(CN),],*  [Mn(CH;CN),](BF,),.,“" and [Ni(CH;CN)]-
(BF,),"! were prepared according to the reported procedures. All sol-
vents were dried by standard methods and handled anaerobically.

{[Co(triphos)(CN),],[Mn(MeOH),J}(BF,), [Co,Mn]: A colorless solution
of [Mn(CH;CN),](BF,), (54 mg, 0.138 mmol) in methanol (15mL) was
slowly added to a claret solution of [Co(triphos)(CN),] (202 mg,
0.277 mmol) in methanol (20mL) under N,. The mixture was left to
stand undisturbed for 3-4 d. Dark-red crystals of [Co,Mn]-2H,O that had
formed were collected by filtration and washed with methanol/diethyl
ether (10 mL, 1:1 v/v) followed by a copious amount of diethyl ether
(yield=40%). IR (Nujol): #(C=N)=2121 (s), 2094 cm™" (s); elemental
analysis calcd (%) for [Co,Mn] Co,MnC,HyN,POB,Fs: C 59.10, H
5.18, N 3.07, O 3.50; found: C 58.98, H 5.32, N 3.12, O 3.65.
{[Co(triphos)(CN),/,[M(MeOH),]}(BF,), (M=Fe, Co, Ni), [Co,Fe],
[Co,Co], and [Co,Ni]: These complexes were prepared by using an anal-
ogous procedure to that for [Co,Mn] with the specific corresponding
metal salts. The isolated yields were 28, 32, and 46 %, respectively. The
single crystals of [Co,Fe]-3H,0, [Co,Co]-CH;0H, and [Co,Ni]-2CH;0OH
were obtained in the same manner as described for [Co,Mn]-2H,0. IR
(Nujol) for [Co,Fe]: #(C=N)=2131 (s), 2094 cm™' (s); IR (Nujol) for
[Co,Co]: #(C=N)=2134 (s), 2094 cm'(s); IR (Nujol) for [Co,Ni]: #(C=
N)=2138 (s), 2094 cm™' (s); elemental analysis caled (%) for [Co,Fe]
Co0;Cy0Ho,N,P;O,B,Fy: C 59.07, H 5.18, N 3.06, O 3.50; found: C 58.49, H
524, N 3.02, O 3.82; elemental analysis caled (%) for [Co,Co]
Co;CyHo,N,P;O,B,Fy: C 58.21, H 5.11, N 3.02, O 10.34, Cl 3.77; found: C
57.88, H 5.23, N 2.94, O 10.98, ClI 3.69; elemental analysis calcd (%) for
[Co,Ni] Co;CyHoN,P;O,B,Fg: C 5824, H 5.11, N 3.02, O 10.35, Cl 3.77;
found: C 57.73, H 5.28, N 2.92, O 10.68, Cl 3.62.
{[Co(triphos)(CN),],[Mn(MeOH),J,}(BF,), [Co.Mn,]: A claret solution
of [Co(triphos)(CN),] (202 mg, 0.277 mmol) in methanol (20 mL) was
added dropwise to a colorless solution of [Mn(CH;CN),](BF,), (108 mg,
0.277 mmol) in methanol (15 mL) under N, at —42°C. The mixture was
left to stand undisturbed for 1 d. Dark-red crystals of [Co,Mn,]-4CH;OH
that formed were filtered, washed with methanol/diethyl ether (12 mL,
1:2 v/v), and finally washed with a copious amount of diethyl ether
(yield=22%). IR (Nujol): #(C=N)=2132 (s), 2106 cm™" (w); elemental
analysis caled (%) for [Co,Mn,] Co,Mn,CyH;,(N,P,OsBF: C 51.64, H
5.08, N 2.56, O 5.86; found: C 51.44, H 5.16, N 2.48, O 6.09.
{[Co(triphos)(CN),],[Ni(MeOH),J,}(BF,), [Co,Ni,]: [Co,Ni,] was pre-
pared as described above for [Co,Mn,] (yield=28%). IR (Nujol): #(C=
N)=2148 (s), 2106 cm™' (w); elemental analysis calcd (%) for [Co,Ni,]
Co,Ni,CyH;(N,P,OsB,F: C 51.50, H 5.06, N 2.56, O 5.84; found: C
51.22, H 5.09, N 2.59, O 6.16.

X-ray crystallography: In a typical experiment, a crystal selected for
study was suspended in polybutene oil (Aldrich) and mounted on a cryo-
loop, which was placed in an N, cold stream. Single-crystal X-ray data
for all complexes were collected on a Bruker APEX diffractometer at
110 K. The data sets were recorded as three w-scans of 606 frames each
at 0.3° stepwidth, and integrated with the Bruker SAINT software pack-
age.*!! For each complex, the data set was indexed in a monoclinic unit
cell and systematic extinctions indicated the space group to be P2,/n for
[Co,M] and C2/c for [Co,M,]. An absorption correction (SADABS)*!
was based on fitting a function to the empirical transmission surface as
sampled by multiple equivalent measurements. Solution and refinement
of the crystal structures was carried out by using the SHELX suite of
programs and X-SEED,*! a graphical interface. Structure solution by
direct methods resolved positions of all metal atoms and most of the
lighter atoms. The remaining non-hydrogen atoms were located by alter-
nating cycles of least-squares refinements and difference Fourier maps.
The final refinements were carried out with anisotropic thermal parame-
ters for all non-hydrogen atoms. A summary of pertinent information re-
lating to unit cell, data collection, and refinement parameters is provided
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Table 1. Crystal data and details of the structure determination for the trinuclear salts, [Co,M].

[Co,Mn]-2H,0

[Co,Fe]-3H,0

[Co,Col-CH,OH

[CoNi]-CH;0H

formula Co,MnCy,HyP¢N,O,,B,Fy Co,FeCy HyP¢N,OgB,Fy Co0;Cy,H;00PsN,01,CL, Co,NiCy,H,(,PsN,CL,0,,
space group P2,/n (No. 14) P2,/n (No. 14) P2,/n (No. 14) P2,/n (No. 14)
a[A] 11.207(5) 11.17(2) 11.209(1) 11.402(3)

b [A] 18.54(2) 18.53(2) 18.553(2) 19.250(5)

c[A] 21.68(1) 21.70(3) 21.694(2) 20.784(5)

Bl 96.37(2) 96.90(2) 96.454(4) 99.76(1)

V[AY 4475(4) 4461(10) 4482.9(7) 4496(2)

V4 2 2 2 2

Peatea [gem ] 1.425 1.412 1.422 1.419

u [mm™] 0.689 0.710 0.733 0.803

crystal color and habit dark-red block dark-red plate blue plate green-blue plate
crystal size [mm] 0.21x0.18x0.17 0.22x0.16 x0.13 0.12x0.11x0.08 0.19x0.17x0.12
T[K] 110(2) 110(2) 108(2) 110(2)

4 (Mog,) [A] 0.71073 0.71073 0.71073 0.71073

min and max 6 [°] 1.45 to 28.27 1.45 to 28.65 3.14 to 39.25 1.91 to 28.30
total reflns 37198 36086 82607 39800
independent reflns 10733 10521 2329 10936
data/parameters/restraints 10733/320/0 10521/320/0 2329/421/0 10936/320/0

R, [F,>40(F,)] 0.0551 0.0832 0.0629 0.0553

wR, 0.1503 0.2036 0.2260 0.1305

max/min residual densities [e A ] 1.133/-0.966 1.083/-1.191 0.442/-0.588 2.242/-0.769

Table 2. Selected bond lengths [A] and angles [°] for the trinuclear salts
[Co,M].

(Cl10,),+6H,0 in a 2:1 ratio yields trinuclear clusters of gen-
eral formula {[Co(triphos)(CN),],[M(MeOH),]}X, (M=Mn,
Fe, Co, Ni; X=ClO,", BF,"). If the reaction is performed in

Parameters [Co,Mn] [Co,Fe] [Co,Co] [Co,Ni] . ] '

a 1:1 ratio the result is the same, namely, a mixture of the
Col—-C1 1.886(3) 1.877(6) 1.90(2) 1.877(3) tri 1 1 d tet 1 lust C
Col—C2 1.908(3) 1.906(6) 191(2) 1.900(3) rinuclear complex and a tetranuclear cluster {[Co-
Col—P1 22422(13)  2.227(3) 2.236(5) 2.2473(9) (triphos)(CN),],[M(MeOH),],}(BF,), is obtained. Efforts to
Col—-P2 2.2154(13) 2.219(2) 2.215(5) 2.2277(10) isolate the tetranuclear cluster by using an excess of the
Col—P 13 §-$30?3(;3) ;-385% izgga) ;3;(9)(()3{?) transition-metal ion M" also led to the mixture of aforemen-
MI1-N 107 074 .0 . . . . .
Mi-O1 21293) 2119(4) 2.094(14) 2.089(2) tlpped clusters, which can be explal.ned by the higher solu-
M1-02 2.144(3) 2.119(5) 2.089(10) 2.090(3) bility of the tetranuclear complexes in polar solvents. Conse-
C1-Col-C2 83.61(14) 83.2(2) 84.1(7) 80.78(13) quently, the reactions were performed at low temperatures
C1-Col-P2 161.99(10) 161.96(7) 161.2(5) 160.95(9) to decrease the solubility of the tetranuclear clusters. Slow
gi'goi'i i 22(1)2883 gig;gg; gigg ggg;g% diffusion of methanol solutions of [Co(triphos)(CN),] and

-Col- . . . . . . ° . .

C2-Col-P1 164.49(10) 164.12(18) 164.9(6) 167.94(12) M(BF,), in a 1:1 ratio at —42°C resulted in the formatlop of
P2-Col-P1 89.59(4) 89.26(6) 89.4(2) 89.09(3) crystals of only the tetranuclear products. Both the trinu-
C1-Col-P3 101.95(10) 101.97(19) 102.8(5) 101.59(10) clear and tetranuclear complexes are soluble in common
C2-Col-P3 107.47(10) 107.46(19) 107.1(6) 109.14(9) polar solvents such as CH,Cl,, CH;OH, and CH,CN.
P2-Col-P3 95793) 9578(10) 958(2) 92.44(3) In terms of related trinuclear cyanide-bridged clusters.
P1-Col-P3 88.02(4) 88.41(8) 88.00(19)  90.33(4) i ) ) >
C1-N1-M1 1467(3) 1484(4) 1522(13) 1569(3) there are preVlOuSly reported examples in which the central
Col-C1-N1 169.6(3) 169.6(5) 165.9(5) 170.2(3) metal ion is surrounded by four solvent molecules in addi-

in Tables1 and 3. Selected metal-ligand bond lengths are listed in
Tables 2 and 4.

Results and Discussion

Syntheses: Reactions of the mononuclear precursor [Co-
(triphos)(CN),] with hydrated salts of 3d transition-metal
ions result in the formation of both trinuclear and tetranu-
clear cyanide-bridged molecules. The nuclearity of the re-
sulting compound depends on the stoichiometric ratio of the
reactants, the counterion, and the temperature of the reac-
tion medium. The reaction of [Co(triphos)(CN),] and M-
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tion to two nitrogen atoms from cyanide bridges. The most
widely investigated class are those with the [Fe™,Mn"]
metal core prepared by reacting [Fe™(CN),(L;)] (L;=
Tp~,?"" 8-(pyridine-2-carboxamido)quinoline (pcq”),*! or
bis(2-pyridylcarbonyl)amidate (bpca™))*) with solvated Mn"
ions.

Single-crystal X-ray structural studies: The structures of the
[Co,M] clusters (Figure 1a) consists of a central octahedral
M" ion that resides on a crystallographic inversion center
and which is bonded to four methanol molecules in the
equatorial plane. Two [Co(triphos)(CN),] units are connect-
ed to the M" center in a trans fashion. The Co" sites retain
their pentacoordinate square-pyramidal geometry in which
one of the phosphorus atoms occupies the axial position and
two carbon atoms of the cyanide and the two remaining

Chem. Eur. J. 2010, 16, 7164-7173
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change across the cyanide

[Co,Mn,]-4CH,OH

[Co,Ni,]-2CH;0H bridge, a fact that will be dis-

formula Co,Mn,CosH0PsN,O1,B,Fi6
space group C2/c

a[A] 27.2420(6)

b[A] 14.560(3)

¢[A] 30.730(6)

B 105.08(3)

VAT 11846(4)

Z 4

Peatea [gcM 7] 1.282

w [mm™] 0.643

crystal color and habit dark-red block
crystal size [mm] 0.21x0.18x0.17
T[K] 110(2)

2 (Moy,) [A] 0.71073

min and max 6 [°] 1.37 to 28.38
total reflns 59124
independent reflns 14467
data/parameters/restraints 14467/713/10
R, [F,>40(F,)] 0.0789

WR, 02623
max/min residual densities [e A~] 2.015/-0.913

C0,Ni,CoeH,4,PeN,O B, F¢ cussed in the computational
C2/c section (see Table 5).

27.210(5) The tetranuclear complexes
;T'égggz ; [Co,M,] are composed of alter-
105.82(3) nating [Co(triphos)(CN),] and
11808(4) [M(MeOH),]** fragments to
4 give a cationic cluster with a
(1)321 44 charge (Figure1b). The

dark.red block rr}olecules crystalhze. on inver-
0.22x0.18x0.14 sion centers. The bridging cya-
110(2) nide ligands are connected to

0.71073 the M" centers in a cis fashion,
1.48 to 27.88 .

in contr: h rrange-
59058 contrast to the trans arrange

13492 ment in the trinuclear clusters

13492/670/10 described above. The C-Co-C
0.0836 angle is approximately 85°,
0.3016 whereas the N-M-N angle is ap-
2.399/-1.818

proximately 97°. Because all

Table 4. Selected bond lengths [A] and angles [°] for the tetranuclear
salts [Co,M,].

Parameters [Co,Mn,] [Co,Ni,]
Col—C1 1.894(4) 1.914(5)
Col-C2 1.896(5) 1.907(8)
Col-P1 2.2375(12) 2.2365(11)
Col—-P2 2.2952(13) 2.2919(14)
Col-P3 2.2229(13) 2.2262(16)
M1-01 2.134(4) 2.098(6)
M1-02 2.129(3) 2.102(5)
M1-03 2.189(5) 2.086(5)
M1-04 2.217(4) 2.194(5)
M1-N1 2.158(4) 2.104(4)
M1-N2 2.156(4) 2.115(5)
C1-Col-C2 85.28(19) 85.0(2)
C1-Col-P3 91.48(14) 91.68(16)
C2-Col-P3 164.51(15) 164.52(17)
C1-Col-P1 164.98(14) 164.88(16)
C2-Col-P1 90.33(13) 90.40(15)
C1-Col-P2 102.55(14) 102.64(16)
C2-Col-P2 106.55(15) 106.54(17)
C1-N1-M1 168.2(4) 167.9(4)
Col-C1-N1 175.1(4) 175.4(5)

phosphorus atoms occupy the equatorial positions of the
square pyramid, in a manner akin to the [Co(triphos)(CN),]
molecule. The C-Co-C angles range from 80.8 to 84.1°,
which are more acute than those of the mononuclear precur-
sor (87.6°) and the corresponding angles in the series of mo-
lecular squares, {[Co"(triphos)(CN),],[MCL],} (~85°). The
reduction in the C-Co-C angle is due to a hydrogen-bonding
interaction (the H--N distance is ~1.98 A) between the hy-
drogen atom of one of the methanol molecules connected to
the central M" ion and the nitrogen lone pair of the dan-
gling cyanide ligand (Figure 2). This hydrogen-bonding in-
teraction also causes the C-N-M angle to deviate significant-
ly from 180° (they vary from 146.7 to 156.9°). It was found
that the magnitude of the angle affects the magnetic ex-
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Figure 1. a) Molecular structure of the trinuclear complexes [Co,M] plot-
ted from X-ray coordinates (complex [Co,Ni] was used to make the
figure). b) Molecular structure of the tetranuclear complexes [Co,M,] in
which M=Mn, Ni (complex [Co,Ni,] was used to make the figure). Hy-
drogen atoms are omitted for clarity. Thermal ellipsoids are projected at
the 50 % probability level.

the cyanide ligands are bridging in these molecules, there
are no hydrogen-bonding interactions. As a result, the C-N-
M angle (167°) does not deviate as much from 180° as com-
pared with the angle in the [Co,M] clusters (146.7-156.9°).
Consequently, the Co™~M" distance (~5.12A) is longer
than the corresponding values in the [Co,M] -clusters
(~4.81 A).
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Figure 2. Stick diagram of the trinuclear complexes indicating the pres-
ence of hydrogen bonding between the atoms N2 and H1.

Table 5. Bond lengths [A] and angles [°] displayed in Figure 2.
Complex N2--H1 (d) Col-C1-N1 (a) MI1-N1-C1 (8) C1-Col-C2(y)

[Co,Mn] 1.992 169.6 146.7 83.6
[CoFe]  1.982 169.6 148.4 832
[Co,Co]  2.091 165.9 1522 84.0
[Co,Ni]  2.052 1702 156.8 80.8

Infrared spectral studies: Polycrystalline samples of the
complexes exhibit distinctive stretching modes for the cya-
nide ligand in the frequency range of 2000-2200 cm™'. The
trinuclear complexes exhibit two #(C=N) stretches located
at 2121 (s) and 2094 cm™ (s) for [Co,Mn], 2131 (s) and
2094 cm™ (s) for [Co,Fe], 2134 (s) and 2094 cm™ (s) for
[Co,Co], and 2138 (s) and 2094 cm™ (s) for [Co,Ni]. The
stretch located at 2094 cm™!, which is common for all of
these complexes, is assigned to the dangling cyanide ligands,
whereas the features at higher frequency are attributed to
bridging cyanides.

The tetranuclear complexes exhibit two stretches located
at 2132 (s) and 2106 cm™" (w) for [Co,Mn] and 2148 (s) and
2106 cm™" (w) for [Co,Ni], which are similar to the previous-
ly reported data for the tetranuclear complexes of the type
{[Co"(triphos)(CN),][MCL,]}.’” The ¥(C=N) stretches of the
[Co,M,] complexes appear at higher frequencies as com-
pared with those observed for the trinuclear family. We at-
tribute this fact to stronger back-bonding between the cya-
nide ligand and the octahedral metal center because the C-
N-M angle in the tetranuclear clusters (167°) is much closer
to 180° than the angles for the trinuclear family of com-
plexes (~150°).

Magnetic properties: Magnetic susceptibility measurements
were performed on crushed polycrystalline samples in the
temperature range of 2-300 K at an applied magnetic field
of 1000 Oe. The DC magnetic susceptibility measurements
of the precursor, [Co(triphos)(CN),], have been discussed
previously.™” The T value is 0.41 emumol 'K at 300 K and
remains constant over the entire temperature range of 2—
300 K. Such behavior is typical of a simple paramagnet with
an S=1/2 ground state and g=2.10. This g value was kept
fixed for the low-spin Co™ centers for the purposes of mod-
eling the magnetic properties of the tri- and tetranuclear
complexes as discussed below.
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{[Co(triphos)(CN),],[M(MeOH),]}(ClO,), (M=Mn, Fe, Co,
Ni): The room-temperature y7 value for [Co,Mn] is
5.11 emumol ' K, which is close to that expected for two
low-spin Co™ ions (S=1/2, yT=0.41) and one high spin Mn"
ion in the absence of magnetic coupling. The yT value con-
tinuously decreases upon cooling and reaches a minimum of
1.85 emumol 'K at 4 K, indicating the presence of antiferro-
magnetic interactions between the Co" and Mn" centers
(Figure 3). An examination of the ground-state spin for
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Figure 3. Temperature dependence of the 7 product for [Co,Mn]. Inset:
Field dependence of magnetization at 1.8 K. The solid lines represent a
simulation by using MAGPACK.

[Co,Mn] was carried out by performing field-dependent
magnetization measurements at 1.8 K. The magnetization
curve approaches a saturation value of 2.98 g in accordance
with the ground state spin value of §=3/2 expected from an-
tiferromagnetic coupling. The simulation of the magnetic
data was carried out by using MAGPACK, by applying the
Hamiltonian described in Equation (1) in the limit of iso-
tropic exchange interactions in which g, was fixed at 2.10,
as found for the mononuclear [Co(triphos)(CN),] precursor,
H_ is the magnetic field, J is the magnetic exchange con-
stant, and D is the zero-field splitting (zfs) parameter.

H = WgH (28c0S:.co + 8mS-m) 2 (Scor + Scoz) + (Sm)
+Dy[S? —1/38u(Sy + 1)]
(1)

The best agreement was obtained with gy, =2.02, Dy, =
—0.13cm™, and J=—-4.8 cm ', The field- and temperature-
dependent magnetization data were satisfactorily simulated
with ANISOFIT ! for the S=3/2 ground state with Dgg=
—0.08 cm ! (Figure S1 in the Supporting Information).

The room-temperature x7 value for [Co,Fe] is
4.86 emumol 'K, which is higher than the expected spin-
only value of 3.9 emumol 'K for two isolated low-spin Co"
centers and a high-spin Fe" center. The deviation is rational-
ized by an orbital contribution from the S=2 Fe" ion (Fig-
ure 4a). The xT value decreases slowly upon cooling down
to 20 K and then decreases more abruptly below 20 K owing
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Figure 4. a) Temperature dependence of the 7 product for [Co,Co] (0)
and [Co,Fe] (»). b) Field dependence of magnetization for [Co,Co] (o)
and [Co,Fe] (») at 1.8 K. The solid lines represent a simulation by using
MAGPACK.

to zfs effects to reach a minimum of 3.00 emumol 'K at
1.8 K. The magnetization curve recorded at 1.8 K shows a
gradual increase in the magnetization value that does not
exhibit saturation; the maximum is 5.31 py at 7 T. Both tem-
perature- and field-dependent behavior suggest that magnet-
ic exchange between the Co" and Fe" ions is rather weak.
Indeed, by using the Hamiltonian from Equation (1), the
best fit to the experimental data was obtained with g =
2.20, Dp,=—2.7cm™!, and J=—-0.6 cm~’. An examination of
field-dependent magnetization data at different tempera-
tures revealed that the [Co,Fe] cluster is characterized by
significant magnetic anisotropy (Figure S2 in the Supporting
Information).

In the case of the [Co,Co] complex, T exhibits values of
336 emumol 'K at 300K and 2.18 emumol'K at 1.8K
(Figure 4a). The room-temperature value is higher than the
spin-only value of 2.7 emumol™'K expected for two S=1/2
Co" and one §=3/2 Co" centers in the absence of magnetic
interaction. This deviation is caused by the typical orbital
contribution of the high-spin Co" ion. Similar to the [Co,Fe]
cluster, the magnetization curve at 1.8 K does not exhibit
saturation and reaches the maximum value of 5.53 ug at 7 T.
Simulation according to the Hamiltonian in Equation (1) re-
sulted in the best-fit values of gc,=2.21, Dc,=—13cm™,
and J=—0.4 cm™'. Note that the latter value can be underes-
timated because spin—orbit coupling and crystal-field split-
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ting effects were not included in the model to avoid over-pa-
rameterization. Nevertheless, the resulting magnetic behav-
ior is reproduced reasonably well with the proposed model.

For [Co,Ni], the 4T product is 2.08 emumol 'K at 300 K,
which is slightly higher than the sum of spin-only values for
two Co" and one Ni" ions. The y7 value increases with low-
ering temperature and reaches a maximum value of
2.71 emumol 'K at 6K, indicating ferromagnetic interac-
tions between the Co" and Ni" centers and stabilization of
the S=2 ground state at low temperatures (Figure 5). The
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Figure 5. Temperature dependence of the x7 product for [Co,Ni]. Inset:

Field dependence of magnetization at 1.8 K. The solid lines represent the
best fits.

abrupt decrease of T below 6 K can be attributed to zfs ef-
fects and/or intermolecular interactions. The field-dependent
magnetization curve attains a maximum value of 4.06 py,
which confirms the §=2 ground state. The magnetic data
were simulated with MAGPACK according to Equation (1),
resulting in best-fit values of gy;=2.22, D=—6cm™', and J=
3.0cm™'. An estimate of the ground-state zfs parameter was
obtained by fitting the field-dependent magnetization data
at different temperatures by using the ANISOFIT pro-
gram,*! which yieldled D=-3.4cm™' with g=222. The
poor fit of the field- and temperature-dependent magnetiza-
tion data may be due to the presence of low-lying excited
states, which are to be expected given the small magnetic
exchange constant. It must be added that an unusually high
D value of —8 cm™! was also observed for the previously re-
ported [Co,Ni,] square, {[Co"(triphos)(CN),],[Ni''CL,],},
which contains the same metal ions as the [Co,Ni] trimer.
Table 6 contains a summary of the magnetic parameters of
the [Co,M] complexes.

Table 6. Summary of magnetic parameters for the trinuclear complexes
[Co,M].

Complex gy Dy [em™]  J[em™'] Groundstate  Dgg [cm™]
[Co,Mn] 202 013 —4.8 §=3/2 —0.08
[CoFe] 220 27 06  S=1 14
[Co,Co] 221 -13 —0.4 S=172 -0.9
[CoNi] 222 -6 $30  S=2 34
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{[Co(triphos)(CN),[,[M(MeOH),J,}(BF,), (M=Mn, Ni:
The magnetic behavior of [Co,Mn,] is virtually identical to
that of the tetranuclear cluster, {[Co(triphos)(CN),],-
[MnClL],, previously reported by our group.”? The yT
versus 7 plot exhibits a room-temperature value of
9.41 emumol 'K, which is in good agreement with the ex-
pected value (9.56 emumol 'K) for two Co" (S=1/2) and
two Mn" ions (§=5/2) in the absence of magnetic coupling
(Figure 6). The value of T decreases upon cooling until 7'
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Figure 6. Temperature dependence of the 7 product for [Co,Mn,].
Inset: Field dependence of magnetization at 1.8 K. The solid lines repre-
sent a simulation by using MAGPACK.

~45 K, indicating antiferromagnetic interactions between
the metal sites. Below 45K, the ¥T product increases to
reach a maximum of 10.36 at 3 K, which is consistent with
stabilization of an S=4 ground state. The field-dependent
magnetization curve measured at 1.8 K reaches the satura-
tion value of 8.16 pg, which also supports the presence of an
S=4 ground state as a result of antiferromagnetic coupling.
The data were analyzed by using MAGPACK by treating
the interactions between Mn" and Co" spins as isotropic
and identical (see Equation (2)).

H =2upH (gcoS-co + 8uS-m) =2/ (Scor + Sce2) * (Smt + Swz)
+2Dy (8% p—1/38w(Sw + 1)]
(2)

The resulting best-fit values are gy,=2.05, Dy,=
—0.3cm™, and J=—6.8 cm™'. The larger magnetic exchange
value as compared with that obtained for the [Co,Mn]
trimer is explained by a smaller degree of distortion of the
Co—CN—Mn bridge in [Co,Mn,] and hence stronger overlap
between the magnetic orbitals of the Co" and Mn" centers.

The T value of 3.42 emumol 'K observed for [Co,Ni,] at
300K is slightly higher than the expected value of
2.82 emumol 'K for two noninteracting low-spin Co" (S=1/
2) and two Ni" (S=1) spin centers, which is attributed to
anisotropy of the Ni" ions. Overall, the temperature depend-
ence of T is similar to that of the Co,Ni, square, {[Co"-
(triphos)(CN),],[Ni"Cl,],},* in which yT gradually decreas-
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es with lowering temperatures owing to antiferromagnetic
interactions between the Co™ and Ni" ions (Figure 7). The
best fit to the theoretical model described by the Hamiltoni-

#T (emu mol™ K)
Magnetization (B.M.)

Magnetic field (T)

0 50 100 150 200 250 300
T(K)
Figure 7. Temperature dependence of the x7 product for [Co,Ni,]. Inset:

Field dependence of magnetization at 1.8 K. The solid lines represent the
best fits.

an in Equation (2) was obtained with the parameters gy, =
228, Dyy=—14cm™, and J=—-0.8 cm™'. Temperature- and
field-dependent magnetization data were simulated with
ANISOFITH to yield best-fit parameters of g=2.28 and
Dgs=—1.4cm™ for the S=1 ground state (Figure S6 in the
Supporting Information).

The most interesting observation in the study of the mag-
netic properties is that the change in the topology of mag-
netic centers results in a change in the type of magnetic su-
perexchange from ferromagnetic for the [Co,Ni] trimer to
antiferromagnetic for the [Co,Ni,] square. The origin of this
surprising difference is expected to be directly related to the
overlap of the magnetic orbitals in these clusters, an issue
that is not clear from merely examining the structures. To
better understand the differences in the magnetic behavior
of [Co,Ni] and [Co,Ni,], a computational study by DFT
methods was undertaken (a summary of the magnetic prop-
erties of the tetranuclear complexes [Co,M,] is given in
Table 7).

Table 7. Magnetic properties of the tetranuclear complexes [Co,M,].

Complex gy Dy[em™]  J[em™']  Ground state  Dgs [cm™']
[Co,Mn,] 205 03 68 §=312 0.8
[Co,Ni,] 228 —14 —0.8 S=1 —0.8

DFT calculations: Singly occupied molecular orbitals, the
magnetic orbitals for the highest spin state of the considered
systems, can be obtained by DFT calculations. For the sake
of simplicity, the phenyl groups of the triphos ligands were
replaced with hydrogen atoms. Calculations performed on
the mononuclear precursor (Figure S7 in the Supporting In-
formation) and on the family of trinuclear and tetranuclear
clusters revealed that the magnetic orbital of the pentacoor-
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dinate Co" ion is located predominantly on the d,. orbital,
which is oriented toward the axial P atom (Figure 8).
Figure 9 depicts the magnetic molecular orbitals of the tri-
nuclear clusters located at the M site. In contrast to previ-

Figure 8. The Co" magnetic molecular orbitals of the trinuclear [Co,Ni]
and tetranuclear [Co,Ni,] complexes.

Figure 9. Magnetic molecular orbitals of [Co,Mn] located on the internal
octahedral M" site. For [Co,Ni], only the two magnetic orbitals at the top
are present.
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ously reported clusters containing €, type magnetic orbitals
that delocalize onto the o orbital (3a;) of the cyanide ligand,
the e,-like orbital of the Co" ion delocalizes onto the 7t* or-
bital (2e) of the cyanide ligand. This conclusion is true for
both the trinuclear [Co,M] and tetranuclear [Co,M,]| clus-
ters. The orientation of the d.. orbital, which is not perpen-
dicular to the o orbital of the cyanide ligand (the P,,-Co-C
angle is ~105°), is responsible for this unusual interaction.
On the other hand, the e,- and t,,-type orbitals located on
the central octahedral metal site of the trinuclear clusters in-
teract with the o and st* orbitals of the cyanide ligand, re-
spectively.

Let us first consider the orbital overlap along the x axis of
the [Co,M] trimer, which coincides with the direction of the
Co—CN—M bridge. Because the d,, orbital of the central M
atom and the d,. orbital of the Co" site delocalize into the
m* orbital of CN™, antiferromagnetic coupling is predicted
between the unpaired spins these orbitals. In addition, a fer-
romagnetic contribution is also operative because the re-
maining orbitals of the central M atom delocalize into the
other type of cyanide orbital that does not overlap with the
magnetic d,. orbital of the Co" site. Note that the bending
of the bridging cyanide ligand increases the overlap of o and
7t orbitals the result of which is weaker ferromagnetic cou-
pling between orthogonal orbitals of adjacent metal ions.
Therefore, a competition between the antiferromagnetic and
ferromagnetic contributions to superexchange is occurring
in the trinuclear systems, [Co,Mn], [Co,Fe], and [Co,Co], in
which the central atom has unpaired spin density in both e,-
and ty-type orbitals. The antiferromagnetic contribution
dominates, as typically observed in such cases," with the
most negative value of the superexchange constant J being
predicted for the [Co,Mn] cluster. In contrast, the superex-
change interaction between Co" and Ni" ions in [Co,Ni|
should be ferromagnetic owing to the lack of unpaired spins
in the t,, type orbitals of the central Ni"" jon. These conclu-
sions agree with the experimentally observed behavior of
the [Co,M] complexes (Table 6).

The complex [Co,Mn,] behaves similarly to [Co,Mn] be-
cause the same symmetry considerations are also valid for
the tetranuclear clusters (Figure 10). The larger exchange
coupling value is attributed to the fact that the Co-CN—Mn
bridges are less bent for [Co,Mn,]. In the case of [Co,Ni,],
the magnetic orbitals delocalize on different orbitals of the
cyanide ligand, which implies that ferromagnetic interac-
tions should be dominant, but the magnetic data are in ac-
cordance with antiferromagnetic interactions. An examina-
tion of the calculated isosurfaces of difference density
(Figure 11) allows for an analysis of not only the magnetic
orbitals but also spin polarization by comparing the excess a
and f spin densities. It was found that excess o spin density
is localized on the metal centers and the bridging cyanide li-
gands. Furthermore, the presence of excess § spin density
suggests spin polarization onto the ¢ orbital of cyanide li-
gands as well as the d,._, orbital of Co" sites due to addi-
tional spin densities on these orbitals. Such delocalization is
not observed for the trinuclear complexes, most likely due
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Figure 10. Magnetic molecular orbitals of [Co,Mn,] located at the octahedral M sites.

Figure 11. Isosurfaces of difference densities for [Co,Ni] (top) and
[Co,Ni,] (bottom). Spin densities of excess a orbitals are represented in
dark grey and those of 3 orbitals are represented in light grey. Spin densi-
ties are displayed at an isosurface value of +0.0015.

to a greater distortion of the Co—CN—M bridge, which
serves to restrict the orbital overlap. A possible reason for
spin polarization in the tetranuclear [Co,Ni,] complex is the
interaction of the e, orbitals of Ni" jon with the d.. . orbital
of Co'" sites through the o orbital of cyanide ligand due to
nonorthogonality of these orbitals, which would result in a
lowering of the energy of the d,._, orbital of Co" site and,
therefore, mixing of the d,._,. orbital with the e, orbitals of
Co" site. The aforementioned spin polarization is the likely
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origin of the antiferromagnetic
contribution to superexchange
in the [Co,Ni,] complex. Thus,
the weak antiferromagnetic
coupling (J=-0.8cm™') ob-
served in this complex is a
result of competing antiferro-
magnetic and ferromagnetic in-
teractions between the Ni" and
Co" ions mediated by the e,
d,_, and e,~d, orbital combi-
nations, respectively.

Conclusion

The use of [Co"(triphos)(CN),]
as a building block produced a
family of cationic trinuclear and
tetranuclear complexes. The
three trinuclear derivatives
{[Co'(triphos)(CN),J,[M"-
(CH;0H),]P** ([Co,M]) exhibit
antiferromagnetic coupling be-
tween the Co™ and M" centers
(M=Mn, Fe, Co) whereas
[Co,Ni] exhibits ferromagnetic
coupling. The computational
studies provided important in-
sight into the identities and orientations of the magnetic or-
bitals of the metal centers and their interactions with the or-
bitals of the cyanide bridging ligands. These results are in
good agreement with the magnetic data. Because the anti-
ferromagnetic interaction of the d,. orbital of the central oc-
tahedral metal sites with the magnetic orbital of the Co"
ions takes place through the m* orbital of the cyanide
ligand, [Co,Ni] is the only complex that exhibits ferromag-
netic superexchange interactions due to a lack of ty,-type
magnetic orbitals.

The tetranuclear complex, {[Co"(triphos)(CN),],[Mn-
(CH;0H),L,}** ([Co,Mn,]) was found to exhibit antiferro-
magnetic interactions between the metal centers, an obser-
vation that is supported by theoretical calculations. In con-
trast to the cluster [Co,Ni], which exhibits ferromagnetic be-
havior, the magnetic properties of [Co,Ni,] indicate antifer-
romagnetic interactions despite the fact that same metal
ions interact through the cyanide bridging ligand. The differ-
ence in the nature of the magnetic exchange coupling in
these Co"™~CN—Ni" containing products is explained by ex-
amining the isosurfaces of difference density, which suggest
that spin polarization is operative for the tetranuclear
[Co,Ni,] molecule but not for the [Co,Ni] trinuclear analog
due to the acute nature of the M-N-C angle (~145°) in the
latter case.

In addition to their interesting magnetic properties, the
new complexes are promising building blocks for the sys-
tematic preparation of higher nuclearity clusters or extended
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networks. They are soluble in many common polar solvents
and possess labile solvent ligands that can be replaced in
substitution chemistry unlike most of their trinuclear or tet-
ranuclear counterparts in the literature.
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