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Reactions between [M""(CN)s]*~ anions (M' = Co, Cr, or Fe) and mononuclear complexes of M" ions (M = Cr,
Mn, Co, Ni, or Zn) produce a family of pentanuclear clusters { [M(tmphen),]s[M'(CN)s].]} . The core of the clusters
is formed by five metal ions that are bridged through six CN~ linkers into a trigonal bipyramid, with M and M' ions
occupying equatorial and axial positions of the bipyramid, respectively. Three of the CN~ ligands from each M’
center remain terminal and point toward the outside of the cluster, along the trigonal axes. Studies of magnetic
coupling in the {[M(tmphen),]5[Cr(CN)eJo]} family of clusters revealed a similarity between the observed magnetic
exchange constants and the values estimated for the molecule-based magnets of the Prussian blue family. The
type of the magnetic exchange varies across the series, changing from antiferromagnetic for M = Cr and Mn to
ferromagnetic for M = Co and Ni. Complexes { [M(tmphen),]s[Co(CN)g]2]}, which contain diamagnetic Co™ ions in
the axial positions, serve as convenient model compounds for an accurate assessment of the magnetic parameters
for the equatorial M ions in the absence of magnetic interactions. The {[Co(tmphen),]s[Cr(CN)g]2]} cluster exhibits
cyanide linkage isomerism, the relative amount of which depends on the synthetic conditions.

Introduction molecule magnets (SMMs)! or single-chain magnets
(SCMs)i2-14
Cyanide chemistry quickly became one of the central The availability of cyanide-bridged clusters, in particular,
topics of molecular magnetism in the mid-1990s after two has been invaluable for theoreticians working in the area of
independent research groups reported that analogues of th&holecular magnetism, providing them with the simplest
Prussian blue family exhibited remarkably high magnetic model systems for testing the proposed theories. The design
ordering temperaturé< the current record being eventually —Of isomorphous families of simple clusters and the study of
set at 376 K These findings, along with a topical review
. . . (5) Sokol, J. J.; Hee, A. G.; Long, J. R. Am. Chem. SoQ002 124,
of cyanide chemistry that appeared in 1997, spawned 7656-7657.
extensive research in this area, the result of which is a vast (6) \I]Begzlingslettbe, C-K P.l;? Xaughn,ICDH; Cavmhr?t-ViI;’gllcté':\(5 OC3.; fzeilfél\zﬂg_si:g;%
. . . R.; bunbar, K. ngew. em., Int. " .
range of new compounds with unusual properties based on 7y choi' H. J.; Sokol, J. J.; Long, J. Rorg. Chem 2004 43, 1606-
extended structures and molecular solids. In recent years,  1608.
; ; ; ; ; (8) Schelter, E. J.; Prosvirin, A. V.; Dunbar, K. R. Am. Chem. Soc.
this period of rapld advancement in thg chemls.try of 2004 126 15004-15005.
molecular cyanide compounds has culminated with the (9) wang, S.; Zuo, J. L.; Zhou, H. C.; Choi, H. J.; Ke, Y.; Long, J. R;
- ; _ You, X. Z. Angew. Chem., Int. EQR004 43, 5940-5943.
preparation of a number of complexes that behave as single (10) Li. D.: Parkin. 5. Wang, G.: Yee, G. T.: Prosvirin, A. V. Holmes, S.
M. Inorg. Chem.2005 44, 4903-4905.
(11) Wang, C. F.; Zuo, J. L.; Bartlett, B. M.; Song, Y.; Long, J. R.; You,
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(2) Entley, W. R.; Girolami, G. SSciencel995 268 397—-400. You, X. Z.J. Am. Chem. So2004 126, 8900-8901.
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Scheme 1. Building a TBP Cluster from Mononuclear Components
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their magnetic properties is, therefore, one of the most polycrystalline samples with a Quantum Design SQUID magne-
important challenges for the advancement of molecular tometer MPMS-XL. dc magnetic susceptibility measurements were

magnetisnmt>-17
Thus far, there have been relatively feystematistudies

of cyanide-bridged clusters of transition metals restricted to

a well-defined geometri#1°By employing a building block

carried out in an applied field of 1000 G over the temperature range
of 2—300 K. Magnetization data were measured at 1.8 K with the
magnetic field varying from 0 to 70 000 G. Reduced magnetization
curves were collected in the £8.9 K temperature range in

magnetic fields from 10 000 to 70 000 G. The data were corrected

app_roach (S_Chem? 1), we have focused on the preparat'or}ordiamagnetic contributions calculated from the Pascal constants.
of trigonal-bipyramidal clusters from a strategy that involves gecayse of the high content of disordered solvent in the crystals
reacting divergent hexacyanometallate anion§(@Wl)]*~ of the compounds, each sample used for magnetic measurements
with convergent precursors in the form of mononuclear was subjected to thermogravimetric analysis (TGA) immediately
transition metal complexes [M(tmpheX)}]%?* that possess  after the magnetic study in order to establish the correct molecular
two labile X ligands (X= CI~, Br~, 17, CH;CN, CH;OH, weight. The TGAs were performed on a Shimadzu TGA-50
or other solvents; tmphern= 3,4,7,8-tetramethyl-1,10- thermogravimetric analyzer in the 29873 K temperature range
phenanthroline). In earlier work in our laboratories, this ata heating rate of 10 K/min.

synthetic approach led to the isolation of pentanuclear Syntheses. [M(tmphenjs[M'(CN)e]o-x(solvent). In a typical
complexes [Mh{tmphen)]dMn" (CN)g £ and [Cd(tmphen)]=- prepar_atlon, a precursor of met_al M was made_ in situ by coml?lnlng
[Fe" (CN)g»,2°2 in which metal centers occupy vertices of 1 equiv .of the metal salt with 2:62.5 equiv of tmphgn in
the trigonal bipyramid (TBP) with cyanide bridges acting acetonitrile or methanol. The volume of solvent was adjusted to

- . o obtain a concentration of4 mM with respect to metal M ion.
as edges of the bipyramid. These clusters exhibit the Into 10 mL of this solution was poured an equal volume of a 4

properties of single-molecule magnetism and charge-transfer-y solution of hexacyanometallate anion’fl@N)6[- in the same
induced spin transition, respectively. solvent, and the mixture was left to stand undisturbed for 2 to 3
Herein, we describe the extension of this synthetic days. After this period of time, X-ray-quality needlelike crystals
procedure to include other combinations of the first-row were harvested by filtration, washed with copious quantities of
transition-metal ions, which provided a homologous series solvent, and dried in vacuo. Table 1 lists the formulas and colors
of new TBP clusters. The properties of these complexes areof the compounds as well as yields of the respective reactions.
discussed and compared to the corresponding behavior ofPetailed synthetic procedures for each compound are available as

the related mixed-metal 3D Prussian blue materials.

Experimental Section
Physical Measurementsinfrared (IR) spectra were measured

Supporting Information. To make it easier for the reader to follow
the discussionl—11 will be referred to by number and by the short
abbreviations given in Table 1.

X-ray Crystallography. General Procedures. In a typical

as Nujol mulls placed between KBr plates on a Nicolet 740 FTIR experiment, a crystal selected for study was suspended in polybutene

spectrometer. Magnetic measurements were performed on crushec‘j"II (Aldrich) and mounted on a cryoloop,

(15) Mironov, V. S.; Chibotaru, L. F.; Ceulemans, A.Am. Chem. Soc.
2003 125 9750-9760.

(16) Tsukerblat, B. S.; Palii, A. V.; Ostrovsky, S. M.; Kunitsky, S. V.;
Klokishner, S. I.; Dunbar, K. RJ. Chem. Theory Compu2005 1,
668-673.

(17) Palii, A.; Ostrovsky, S. M.; Klokishner, S. I.; Tsukerblat, B. S.; Dunbar,
K. R. Chem. Phys. Chen2006 7, 871-879.

(18) Yang, J. Y.; Shores, M. P.; Sokol, J. J.; Long, J.Ikarg. Chem.
2003 42, 1403-1419.

(19) Marvaud, V.; Decroix, C.; Scuiller, A.; Guyard-Duhayon, C.; Vais-
sermann, J.; Gonnet, F.; Verdaguer,Ghem—Eur. J.2003 9, 1677
1691.

(20) Berlinguette, C. P.; Dragulescu-Andrasi, A.; Sieber, A.; &ala
Mascaf@g, J. R.; Gdel, H. U.; Achim, C.; Dunbar, K. RIl. Am. Chem.
Soc.2004 126, 6222-6223.

(21) Berlinguette, C. P.; Dragulescu-Andrasi, A.; Sieber, Ad&uH. U.;
Achim, C.; Dunbar, K. RJ. Am. Chem. So@005 127, 6766-6779.
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which was placed in an
N, cold stream. Single-crystal X-ray data were collected at 110,
120, or 150 K on a Bruker APEX or Bruker SMART 1000
diffractometer equipped with a CCD detector. The data sets were
recorded as three-scans of 606 frames each, at Os?ep width,

and integrated with the Bruker SAINT software package. The
absorption correction (SADABS was based on fitting a function

to the empirical transmission surface as sampled by multiple

(22) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, Germany,
1986.

(23) Shatruk, M.; Dragulescu-Andrasi, A.; Chambers, K. E.; Stoian, S. A,;
Bominaar, E. L.; Achim, C.; Dunbar, K. R.; in preparation.

(24) SMART and SAINTSiemens Analytical X-ray Instruments Inc.:
Madison, WI, 1996.

(25) Sheldrick, G. M.SADABS University of Gottingen: Gottingen,
Germany, 1996.



Trigonal-Bipyramidal Cyanide-Bridged Clusters

Table 1. Molecular Formulas, Colors, Reaction Yields, and Abbreviations Used to Represent Comfieurids

compound molecular formula abbreviation color yield (%)

1 [Mn'"'(tmphen)]3[Co"' (CN)g]2 MnzCo, pale yellow 33

2 [Coll(tmphen}]3[Co"' (CN)g]2 Co:Co, orange 83

3 [Ni"(tmphen)]3[Co" (CN)g]2 NisCo;, purple 52

4 [Zn" (tmphen)]s[Co" (CN)g]2 Zn;Co, colorless 46
5 [Cr!' (tmphen)]3[Cr'" (CN)g]2 CrsCry dark brown 35

6 [Mn"(tmphen)]s[Cr'" (CN)g]2 MnsCr; pale yellow 33

7 [Ca" (tmphen)]3[Cr' (CN)g]2 CosCrs peach/yellow 36/39
8 [Ni"(tmphen)]s[Cr' (CN)g]2 NisCr» pink 34

9 [Mn"(tmphen)]s[Fe" (CN)g]2 MnsFe, brown 32
1P [Zn" (tmphen)]3[Cr'" (CN)g] 2 ZnsCrp

11° [Zn" (tmphen)]s[FE" (CN)g]2 ZnsFe

aThe color of samples df is affected by cyanide linkage isomeriskiThe preparation and propertiesId and11 are reported by us in another pager.
They are referred to in the current manuscript solely for the sake of comparison of their magnetic properties to the new compounds (vide infra).

equivalent measurements. Solution and refinement of the crystalx(solvent). The preparation method is general and was used
structures was carried out using the SHE Xuite of programs  to obtain TBP clusters for various combinations of the first-
and the graphical interface X-SEEDPreliminary indexing ofthe o\ transition-metal ions. The facile crystallization of pure
data sets established similar monoclinic unit cells for all of the samples ofl—11 is attributed to the fact that the clusters

studied compounds. Systematic extinctions indicated the space | (th ially i luble i
group P2;/c (No. 14). All of the structures were solved by direct are neutral (they are essentially insoluble in most common

methods that resolved the positions of the metal atoms and mostsolvents). One would expect that charged products based on
of the C and N atoms. The remaining non-hydrogen atoms were the same starting materials would be much more soluble.
located by alternating cycles of least-squares refinements andThe reaction is easily scaled up, as evidenced by the fact
difference Fourier maps. Hydrogen atoms were placed at calculatedihat preparations carried out on a 20-fold scale lead to yields
positions. A large number of interstitial solvent molecules were comparable to those described in the Experimental Section.

present in all of the structures. Most of these molecules are heavily_l_he roducts are air-stable and can be stored without specific
disordered, and only for structurdsaand9 was it possible to obtain P p

a satisfactory model of the disorder. Given the fact that the Precautions for prolonged periods of time. Of particular
refinement of the TBP clusters is essentially uninfluenced by the interest is the stability 06 containing C¥ ions, which are
presence of the disordered solvents, the SQUEEZE rc&tmas typically extremely air-sensitive. Obviously, the steric bulk
applied to subtract the diffraction contribution from the disordered afforded by the tmphen ligands around the perimeter of the

solvent and to evaluate the number of solvent molecules present inmolecule is excellent protection against oxidation of thé Cr
the interstices of, 3—5, 7, and8. The final refinement was carried centers

out with anisotropic thermal parameters for all non-hydrogen atoms

of the TBP unit and isotropic thermal parameters for the disordered It should be noted that crystalline forms bf 11 contain
solvent molecules (the latter were refined only ®and9). A large and varying amounts of interstitial solvent as a result
summary of pertinent information relating to unit cell parameters, of the poor packing of the molecules. Examination of the
data collection, and refinement statistics is provided in Table 2. compounds by TGA revealed that they gradually lose the
Average bond distances around metal centers and bond angles Ofnterstitial solvent when heated ts120 °C. Above this

the M—C=N-—M bridges are given in Table 3. Complete listings . o
of bond distances and angles are available as Supporting Informa-temperature’ the clusters remain stable~®50 °C, after

tion. which temperature they decompose with further heating.

All of the attempts to grow a single crystal 6fof satisfactory Single-Crystal X-ray Structures. Single-crystal X-ray
quality to allow for an X-ray crystal structure determ.ln.atlon were ot dies revealed thdt—11 are isostructural and crystallize
unsuccessful. Some crystals, however, were sufficiently large, in the monoclinic space group2:/c. The molecular struc-

allowing unit cell parameters to be obtained (primitive monoclinic . .
cell with a = 19.313(4),b = 25.167(5),c = 24.316(5) A, = tures consist of a pentanuclear core composed of CN-bridged

99.42(3}), which confirmed thas is isostructural with the other ~ M" and M" ions (Figure 1a). The latter belong to (@N)e]*~
structurally characterized compounds presented in this article. ~ moieties that occupy the axial positions of the TBP core.
Three CN ligands of each hexacyanometallate unit act as
bridges, and the other three terminal ChNgands point
Syntheses.The combination of a divergent hexacyano- toward the exterior of the cluster. The three equatorial M
metallate anion [MCN)g]*~ with a convergent mononuclear ions are in pseudo-octahedral coordination environments that
precursor of an octahedral divalent 3d metal ion, in which consist of two bidentate tmphen molecules and two bridging
four coordination sites are capped by two bis-chelating cN- ligands. The tmphen ligands are involved in intra- and
tmphen ligands, results in the precipitation of crystalline jntermolecularr—zx interactions. Each tmphen ligand bound

Results and Discussion

solids of the general formula [M(tmphef[M'(CN)]-- to the M(2) center engages in an intramoleculatr contact

(26) Sheldrick, G. MSHELXS-97 and SHELXL-9¥niversity of Gotin-  With @ tmphen ligand from a neighboring M(1) or M(3)
gen: Gottingen, Germany, 1997. center (Figure 1b). In contrast, one tmphen ligand from the

(27) Barbour, L. JJ. Supramol. Chen2001, 1, 189-191. P ; ;

(28) Van der Sluis, P.; Spek, A. lActa Crystallogr., Sect. A99Q 46, M(l) OI’.M(3). center Is mv.owed In-an mtrammecumr_ﬂ
194-201. interaction with a tmphen ligand bound to the M(2) site, and
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Table 2. Crystal Structural Data and Refinement Parameterd f& and 7—9

Shatruk et al.

formula

space group
unit cell

MreCoN24C1o8Hos
[1-13(CHCN)J
P2;/c (No. 14)
a=19.449(2) A
b= 25.589(2) A
c=25.047(2) A

C0osN24Cro8Hos

[2:7H4(CHsOH)-3%4(H;0)]

P2;/c (No. 14)

a=19.494(2) A
b= 25.075(3) A
c=24.727(3) A

NizC0N24C108Ho6
[3:14(CHCN)J2
P2;/c (No. 14)
a=19.225(2) A
b=25.009(3) A
c=24.716(3) A

Zn3CoN24Cr0gHos
[4-21(CHCN)J2
P2;/c (No. 14)
a=19.348(5) A
b= 25.480(7) A
c=25.186(7) A

f =98.153(2) £ =98.979(2) S =98.031(2) f =97.888(4)
unit cell volume vV 12 339(2) B 11939(2) B 11767(2) B 12 299(6) B
z 4 4 4 4
density,pcalc 1.084 g/cm 1.233 g/cm 1.143 g/cr 1.104 g/cm
abs coeffu 0.611 mntt 0.746 mnt?t 0.799 mnTt 0.890 mnt?
crystal color and habit colorless needle orange needle purple block colorless needle
crystal size 1.20< 0.16x 0.16 mn¥  0.82x 0.14x 0.05 mn?¥ 0.50x 0.31x 0.15mn?  0.90x 0.08 x 0.08 mn?
temperature 150 K 150 K 150 K 150 K
radiation,A Mo Ka, 0.71073 A Mo K, 0.71073 A Mo K, 0.71073 A Mo K, 0.71073 A
min. and max# 1.14 to0 28.46 1.06 to 26.37 1.07 to 28.29 1.33t0 26.37
reflections collected 106 60}, = 0.0550] 95 915R = 0.0855] 44 651 Rn = 0.0519] 64 919R, = 0.1772]
independent reflections 28 986 24 412 24 395 25057
data/parameters/restraints 28 986/1258/0 24 413/1442/21 24 395/1259/0 25 057/708/30
R[Fo > 40(Fo)] R; = 0.054 R;=0.078 R:=0.070 R; = 0.107

wR, = 0.117 wR =0.218 wR=0.174 wR =0.215
GOF onF? 1.054 1.029 0.820 1.014
max./min. residual densities;&3  0.696,—0.273 0.891,-0.476 1.871,-0.574 1.162;-1.977
formula CeN24C1o8Ho6 C0o3CraN24Cio8Hos Ni3CraN24Cio8Hgs Mn3FeN24CiodHos

space group
unit cell

unit cell volume, V

z

density,pcalc

abs coeffu

crystal color and habit
crystal size
temperature

radiation, A

min and maxd
reflections collected
independent reflections
data/parameters/restraints
R[Fo > 40(Fo)]

GOF onF?
max/min residual densities; &3

[5-18(CH,CN)J2
P2;/c (No. 14)
a=19.556(7) A
b= 25.089(8) A
c=24.660(8) A
B =97.151(7)
12 005(7) A
4
1.101 g/cm
0.489 mnt?
dark-brown needle
0.5% 0.13x 0.02 mn?
110K
Mo Ka, 0.71073 A
1.14 to 28.48
51 94R}, = 0.1647]
17 002
17 002/1223/0
Ry =0.122
wWR; =0.274
0.967
0.695,—0.605

[7-18(CHCN)J2
P2;/c (No. 14)
a=19.25(1) A
b=25.35(1) A
c=24.721) A
B =97.82(3)
11947(11) R
4
1.118 g/cm
0.635 mnTt
yellow needle
0.54x 0.12x 0.08 mn?
120 K
Mo Ka, 0.71073 A
1.07 to 23.26
73 124Rn = 0.1931]
17 156
17 156/1258/42
R; = 0.089
wR =0.177
1.015
0.388;-0.340

[8:14.5(CHOH)]2
P2;/c (No. 14)
a=19.50(1) A
b=25.12(2) A
c=24.67(2) A
p=98.17(3)
11 962(16) &
4
1.116 g/cm
0.690 mntt
pink needle
0.50x 0.09x 0.06 mn#
110K
Mo Ka, 0.71073 A
1.16 to 26.37
127 053Rnt = 0.1327]
24 463
24 463/1258/0
R; = 0.069
wR =0.135
1.059
0.599:-0.340

[9-5.5(CHCN)-2.5(H:0)]
P2;/c (No. 14)
a=19.57(3) A
b=25.36(4) A
c=24572) A
p=199.11(5)
12 042(29) R
4
1.244 g/lcm
0.602 mnTt
yellow-brown needle
0.48x 0.07 x 0.07 mn?
120K

Mo K, 0.71073 A
1.05to 26.37
96 698Rint = 0.1500]

24596

24 596/1383/27
Ry = 0.099
wR = 0.252
0.984

1.138;-0.849

a2The solvent content was estimated from the electron density attributed to the disordered solvent contribution by SQUEEZE.

the other tmphen ligand participates in an intermolecular coupling?® This is clearly reflected in the data for the PB
m—z interaction with a tmphen ligand from a neighboring materials, in which all cyanide ligands are bridging, with
the exception of defective site$—11 also exhibit higher-

It should be noted that the three equatorial metal sites in energy CN stretching vibrations that appear-80 cnm!
the pentanuclear TBP molecule exhibit the same chirality higher than the/(C=N) stretches of the free [NICN)g]*~
(A or A). Nevertheless, the unit cell contains equal numbers ions. These features are assigned to the bridging lg&nds.

cluster.

of enantiomorphidAAA andAAA molecules, which results

in a centrosymmetric space group.

Infrared Spectroscopy. 1-11 exhibit characteristic bands
in the region of &N stretching frequencies. A comparison
of the cluster IR data to the(C=N) stretches observed for

It should be noted at this point that, in the case of the

CosCr;, cluster {7), an additional feature is observed at 2103

cm ! as a shoulder of the band corresponding to the terminal
CN~ ligands. The presence of this stretch is suggestive of
the occurrence of cyanide linkage isomerism upon flipping

the extended Prussian blue phases and the free hexacyandhe CN- ligand from the Cb—N=C—Cr" bridging mode
metallate anions aids in the assignment of the bands in theto the C§—C=N-Cr" configuration. As has been stated

new compounds to bridging or terminal CNigands. As
the data in Table 4 indicate, the IR spectralefll exhibit

above, the formation of the cyanide bridge between two
transition-metal ions should lead to an increase in t&eNC

lower-frequency stretches that are only slightly shifted as stretching frequency as compared to that of the original

compared to the corresponding modes of the(@W)g]®~

hexacyanometallate anion. This increase is simply due to the

ions and, therefore, are reasonably assigned to the terminamechanical constraint on the motion of the CN group

cyanides. Upon formation of the 'WM—C=N—-M" bridge,
the CN stretching frequency increases as a result of kinematic

5158 Inorganic Chemistry, Vol. 46, No. 13, 2007

(29) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C.; Dyer,
R. B.; Scandola, Flnorg. Chem.1992 31, 5260-5267.



Trigonal-Bipyramidal Cyanide-Bridged Clusters

Figure 1. (a) Thermal ellipsoid plot ol (50% probability level; H atoms are omitted for clarity). (b) View of the TBP cluster in the crystal structure of
1 depicting one of the two intramolecular—s stacking interactions (horizontally arranged tmphen molecules) and the two tmphen ligands that do not
participate in such an interaction (vertically arranged molecules).

Table 3. Average Metal-to-Ligand Bond Distances (A) and Bond Angles @&gihe Crystal Structures of Compountis5 and 7—9

MnsCo, (1) CoCoz (2)

Mn(1)—N 2.245 Mn(L-N=C 163.3 Co(1¥N 2.125 Co(1}N=C 161.9
Mn(2)-N 2.233 Mn(2)-N=C 160.1 Co(2¥N 2.123 Co(2)N=C 162.2
Mn(3)—-N 2.233 Mn(3}-N=C 161.3 Co(3FN 2.131 Co(3y-N=C 162.3
Co(1)-C 1.895 Co(1}C=N 176.8 Co()-C 1.894 Co()—C=N 175.7
Co(2-C 1.894 Co(2)-C=N 176.9 Co(d—-C 1.897 Co(9—C=N 175.9
CENbridging 1.145 (Jh—Nbridging 1.144

CENterminal 1.149 c;ENterminaI 1.147

NizCo (3) Zn3Co, (4)

Ni(1)—N 2.087 Ni(1)-N=C 159.9 Zn(1>N 2.158 Zn(1-N=C 161.8
Ni(2)—N 2.084 Ni(2)-N=C 163.3 Zn(2N 2.140 Zn(2}-N=C 159.8
Ni(3)—N 2.079 Ni(3)-N=C 161.9 Zn(3)N 2.157 Zn(3)-N=C 160.2
Co(1)}-C 1.898 Co(1y-C=N 175.6 Co(1)-C 1.860 Co(13-C=N 176.6
Co(2)-C 1.894 Co(2yC=N 174.7 Co(2)}-C 1.878 Co(2yC=N 177.3
CENbridging 1.145 C_:Nbridging 1.181

C=Nierminal 1.153 G=Nterminal 1.189

CrsCr, (5) CosCr (7)P

Cr(1)-N 2.027 Cr(1yN=C 167.9 Co(1)N 2.099 Co(1¥-N=C 162.8
Cr2-N 2.027 Cr(2¥N=C 166.6 Co(2¥N 2.088 Co(2y-N=C 167.2
Cr(3-N 2.031 Cr(3yN=C 164.8 Co(3FN 2.089 Co(3yN=C 160.9
cr(l)-c 2.055 cr()—C=N 171.9 cr(lyc 2.056 Cr(1y-C=N 172.4
cr(2)-C 2.062 Cr(d—C=N 172.2 cr(2y-C 2.056 Cr(2y-C=N 173.4
CENbridging 1.160 (;Nbridging 1.147

C=Nterminal 1.181 G=Nterminal 1177

Nigcl'z (8) MnzFe (9)

Ni(1)—N 2.078 Ni(1)-N=C 165.2 Mn(1}-N 2.225 Mn(1)-N=C 162.0
Ni(2)-N 2.078 Ni(2)-N=C 166.1 Mn(2}-N 2.234 Mn(2)-N=C 160.8
Ni(3)—N 2.079 Ni(3-N=C 161.7 Mn(3)-N 2.242 Mn(3)-N=C 164.7
cr(l-c 2.067 Cr(1y-C=N 173.0 Fe(1}C 1.919 Fe(1)}C=N 176.4
cr(2-c 2.061 Cr(2-C=N 172.8 Fe(2}C 1.927 Fe(2yC=N 176.9
C=Nbridging 1.148 CG=Nbridging 1.151

CENterminal 1.138 (;Nterminal 1.154

aQOnly angles at bridging cyanides are giv&he refinement of the structure was performed without taking into account the cyanide linkage isomerism.
All of the bridging cyanides were assumed to be of the-Gle=C—Cr type.

generated by the presence of the second metal centepronounced atthe C-bound metal center and results in lower
(kinematic effect). Another important factor that determines C=N stretching frequencies when the Chgand is C-bound
the shift of¥(C=N) is thesxr back-bonding from the metal d  to an M' ion rather than to an M ion. When a flip of the
orbitals to the cyanider* orbitals. This effect is more  CN~ bridge occurs in the CgCr'"', cluster, the C atom is
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Table 4. IR Data in thev(C=N) Region (cn1?) for Complexesl—9, the Corresponding PB Analogues, and the Free Hexacyanometallate Anions

v(C=N), cmt
complex M M bridging terminal [M(CN)g]®~ anior? 3D PB analogue

1 Mn'! Co 2165, 2154, 2145 2131 2126 2860
2 Cd' Cad" 2167, 2157, 2148 2130, 2125 2126 23%0
3 Ni Cad" 2174, 2164, 2154 2127,2123 2126 2376
4 Zn' Co 2173, 2164, 2155 2130 2126 2895
5 crl cr 2149 2126 2114 2194
6 Mn'! cr 2153, 2144 2127 2114 21¥0
7 (el crt 2155, 2147 2135, 2126 2193 2114 21682

8 Ni" crl 2160, 2150 2127 2114 21%0
9 Mn'! Fell 2147, 2141, 2135 2117, 2112 2101 231%8

a1-9 contain varying amounts of interstitial solvent. The influence of these solvent molecules aiC#H) values is insignificant? As measured for
(TEA)3[Cr(CN)g], (TMA) 3[Fe(CN)], and [(18-crown-6)KJ[Co(CN)] (TEA = tetraethylammonium, TMA= tetramethylammoniumy. The appearance of
this feature is attributed to cyanide linkage isomerism.

coordinated to the Clocenter, which leads to increased MeOH
back-bonding as compared to the case when the C atom is
bound to the C¥ ion. This situation leads to a(C=N)
decrease of-50 cnt,

The preparation of the GGr, cluster was perfomed in MeCN
both methanol{b) and acetonitrile{a) solvents. When the
reaction is carried out in methanol, an instantaneous pre-
cipitation of a peach-colored compound ensues after the
reactants are mixed. It is interesting that the color of this
product is similar to that of the C{e-Cr'"" Prussian blue
analogue obtained by fast precipitation of this material from
aqueous solutiof: Conversely, when the GGr, cluster is
prepared in acetonitrile, the formation of the product occurs
much more slowly, and the resulting compound is yellow.
A comparison of the IR spectra of the two products revealed
an increased quantity of the isomerized form of the cluster 2160 2140 2120 2100
in 7a prepared in acetonitrile (Figure 2). The IR @b v, cm?
obtained from methanol does not show a discernible feature _. . ) .

Figure 2. Cyanide stretches in the IR spectra®fCosCr,, prepared in
at 2103 cm*, but the presence of some small amount of the acetonitrile (MeCN7a) and methanol (MeOH7b).
other isomer cannot be excluded, as determined by the
magnetic behavior of the sample (vide infra). therefore, are used to determine the magnetic behavior of

Cyanide linkage isomerism was also reported for the-Co  the paramagnetic metal centers in the equatorial positions
Cr'" analogue of Prussian blue, but it was noted only when of the TBP core independently. A precise determination of
the compound was heated under an inert atmosghéne.  the characteristic magnetic parameters for the equatorial
contrast, the transformation from the 'CaN=C-Cr" atoms can be applied to modeling the behavior of the
bridging mode to the Co-C=N—Cr'" isomer in molecular  magnetically coupled clusters containing axial'Gr Fe"
complex7 is facilitated by the relatively slow formation of ions 6—8 and9, respectively). Two other model compounds,
this cluster in acetonitrile solution. This opportune situation namely10and11,2® which contain diamagnetic Zrions in
provides an ideal opportunity for a detailed investigation of the equatorial positions, serve to determine the magnetic
the isomerization process by various spectroscopic tech-behavior of the paramagnetic'Cand Fé' ions, respectively,
niques®’ situated in the axial positions of the clusters.

Magnetic Properties. The dc magnetic properties bf-3 [M(tmphen)2]3[Co(CN)el. (M = Mn (1), Co (2), or Ni
and5—9 were measured in the-B00 K temperature range  (3)). For clusterl, Mn;Co,, the value ofy T at 300 K is 13.1
at an applied magnetic field of 1000 G. It is convenient to emumol~-K, which corresponds well to the value of 13.13
begin the discussion of magnetic properties vitt8. These ~ cm*mol~*-K expected for three isolated Mrons S = />,
clusters contain diamagnetic tdéons in the axial sites and, 9= 2.0). TheyT value is essentially constant over the entire
temperature range from 300 2 K (Figure Sla), which

Transmittance

2155 2147

2126

(30) Ferriadez, Bertta J.; Reguera-Ra) E.; Blanco, Pascual $pectro- indicates the absence of magnetic interactions between the
chim. Acta, Part A199Q 46, 1679-1682. i i i

(31) Griebler, W. D.: Babel. DZ. Naturforsch., B1982 378 832-837. equatorial MH cgnters. An ex.ammatlon of the ground_sta;es

(32) Ohkoshi, S.; Hashimoto, kKChem. Phys. Lettl999 314, 210-214. for 1 was carried out by field-dependent magnetization

(33) glal\l}‘:lh, T, Ferlay,JS-:V Augerger, %/I HVeIr;hry{ %o lL’gerr{li}_e, Fc Outahes, measurements at 1.8 K. The data are in excellent agreement
., valssermann, J.; verdaguer, \.; Velllet, . Cryst Lig. Cryst., . . . . . . _ 5
Sect. AL995 273 141-151. ywth thg Brillouin function for three noninteracting= °/,
(34) Brown, D. B.; Shriver, D. Flnorg. Chem1969 8, 37—42. ions (Figure S1b).
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At 300 K, the value ofT for cluster2, Cd';Ca'"'5, is 9.68
emumol~1-K, which is much higher than the value expected
for a spin-only case (5.625 enmol %K for three isolated
S= 3/, Cd' ions). This is easily understood by the fact that
there are significant orbital contributions from the high-spin
Cd' centers. The strong spirorbit coupling combined with
the crystal field distortion splits th&; term of the octahedral
Cd' ion and stabilizes a ground-state Kramers douiSlet.
Therefore, as the temperature is lowered, ghevalue is
decreased as a result of the depopulation of the excited state
and reaches a minimum of 6.0 emmol~*-K at 2 K (Figure
Sla). At low temperatures, each 'Cmn behaves as an
effectiveS = Y/, center. Field-dependent magnetization data
collected at 1.8 K were fitted to the Brillouin function for
three noninteracting Clocenters with effectives = 1/, and
g = 4.8 (Figure S1b).

The room-temperaturgT value for 3, NisCo,, is 3.42
emumol~1-K, which is slightly higher than the expected
spin-only value of 3.00 emmol~*-K for three isolated Ni
ions, as expected for an orbital contribution. The value of
«T remains constant over the entire temperature interval

6.00

5.00 -

4.00 -

3.00 -

xT, emueK/mol

S 1.00 -

0.00 . . : ‘
100 150 200 250
Temperature, K

50 300

Figure 3. Plot of the temperature dependenceydt (O) for 5, (Cr's-
Crll';). The solid line corresponds to the Magpack simulatigsy & 2.00,
Ocr=2.32,J= —21.0 cn7, R2 = 0.9987), which was carried out assuming
the presence of a 2% Cparamagnetic impurity.

spin-only value of 3.75 emmol %K, which is nearly
constant over the temperature range ef3B0 K (Figure
Sla)%

(Figure S1a). Field-dependent magnetization data measured Cr'sCr''2. For5, CrisCr'';, the value ofyT at 300 K is

at 1.8 K were fitted to the Brillouin function for three
noninteracting Ni ions withS= 1 andg = 2.08 (Figure
S1b). The absence of any appreciable zero-field splitting,
typically observable for Nicomplexeg? may be explained

by the substantial distortion of the octahedral geometry
caused by the bite angle of tmphen ligands or by cancellation
of the individual zero-field contributions from Nicenters
due to the high overall symmetry of the cluster.

It should be noted at this point that farand 3 the T
value increases slightly at very low temperatures, which is
suggestive of weak ferromagnetic coupling between the
equatorial metal centers. This coupling would most likely
be mediated by the diamagnetic'C@ns in the axial sites
of the TBP clusters. Such an interaction has been previously
observed by Chen et al. for the trigonal bipyramidal cluster
[Ni(bpm),]3s[Co(CN)]2 (bpm= bis(1-pyrazolyl)methan€¥,
in which equatorial Ni ions interact via &=C—Co—C=N
bridges involving axial C# ions, but in the present case,

5.09 emumol~1-K, which is considerably lower than the
spin-only value of 6.75 emmol~1-K expected for three low-
spin Ct ions (S= 1) and two Ct ions S = 3,) in the
absence of magnetic coupling. Th& value continuously
decreases and reaches a minimum of 0.2-emtr-K at 2

K (Figure 3). The lower value of T at room temperature
and its decrease with temperature indicate significant anti-
ferromagnetic coupling between'Cand CH' centers medi-
ated by the cyanide bridges. To model the magnetic behavior,
a spin Hamiltonian was used in the limit of an isotropic
exchange interaction

H = —23(Syy + Su2)(Su1 + Suz + Sua) @
whereJ is the isotropic exchange constant and &nd M
correspond to the axial @r and equatorial Cr ions,
respectively. The simulation of therl versusT curve was
carried out using MAGPACK and assuming@jc,r = gerz

= 2.00 on the basis of the properties of the;@Zn cluster

the magnetic coupling is not as strong as reported by these(lo)_ The best simulation was obtained wigh= 2.32 for

authors (isotropid = 4.06 cnY). This issue will be revisited

in a following section in which the magnetic properties of
cluster8, NisCr,, are described.

[M(tmphen)2]3[Cr(CN) ¢]2 (M = Cr (5), Mn (6), Co (7),

or Ni (8)). The magnetic behavior of these clusters differs
significantly from that observed fdt—3 and is defined by
magnetic exchange interactions between the equatotial M
and axial C¥ ions. Before discussing magnetically coupled
clusters5—8, it should be mentioned that the magnetic
behavior of model compountiO (Zns;Cr,) is characteristic
of two isolated Ct centers, with gT value close to the

(35) Abragam, A.; Pryce, M. H. LProc. R. Soc. Londoh951, A206 173~
191.

(36) Chen, X.Y.; Shi, W,; Xia, J.; Cheng, P.; Zhao, B.; Song, H. B.; Wang,
H. G.; Yan, S. P.; Liao, D. Z.; Jiang, Z. Hnorg. Chem.2005 44,
4263-4269.

the equatorial Crions and the exchange paramefer=
—21.0 cnT.

Although CH—Cr'" Prussian blue materials have been
widely studied since the initial discovery of their high
ordering temperaturés® 40 there are few molecular com-
plexes of Cr ions bridged by cyanide ligands. One unusual
example is the compound [(THErM][(x-NC)CrP(CO)]s,
in which Cr centers are present in mixed oxidation states. It
was obtained in low yield as a byproduct of the reaction

(37) Borra-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S.J. Comput. Chen001, 22, 985-991.

(38) Ohkoshi, S.-i.; Fujishima, A.; Hashimoto, K.Am. Chem. Sod998
120, 5349-5350.

(39) Vaucher, S.; Fielden, J.; Li, M.; Dujardin, E.; Mann, ano Lett.
2002 2, 225-229.

(40) Dostal, A.; Schroeder, U.; Scholz, [Rorg. Chem.1995 34, 1711~
1717.
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Figure 4. Temperature dependence of tfi€ product Q) for 6, (Mns-
Cry). The solid line corresponds to the Magpack simulatiggt € gun =
2.02,J= —4.7 cnTl, R2 = 0.9980). (Inset) Field-dependent magnetization
at 1.8 K. The solid line corresponds to the best fit to the Brillouin function
for S= %, (g = 2.02,R2 = 0.9999).

0 50 250 300

between NgCr(CO)] and diisocyanotetrabromidé.An-
other example is the complex (FH[HO—Cr" (cyclam)-
NC—Cr"(CN)s], which was prepared by an elaborate
synthetic procedure involving a mixture of mononucledt Cr
complexes?? The only structurally characterized cyano-
bridged complex of Cr has been recently reported by
Miller's group: the molecule is the homoleptic JOEN)g]>~
anion that cocrystallizes with the mononuclear [Cr(g}i)
fragment!®* The magnetic properties of the latter two

mentioned dinuclear species revealed antiferromagnetic

coupling with exchange constantsbf —15.9 and—13.3
cmL, respectively, which are comparable to the value of
—21.0 cm! found for the present &4Cr'"; cluster. To the
best of our knowledge, clustrrepresents the first successful

attempt of the directed preparation of a cyano-bridged,

mixed-valent molecular compound of '@cr".

Mn!"3Cr'",. The room-temperaturgT value for6, Mns-
Cr,, is 14.50 ememol~%K, which is less than expected for
a spin-only case of uncoupled MigS = %) and CH' (S=
3/,) ions (T = 16.88 ememol1-K). The ¥ T value continu-

Shatruk et al.
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Figure 5. Temperature dependence of fheproduct for samplega (O)
and7b (®) and the combinegT dependence fo2 and 10 (dashed line).

(bpy = 2,2-bipyridine}* and the heptanuclear &Mn"
cluster K [MestacnCH' (CN)s]eMn'"} (ClOy); (tacn= 1,4,7-
triazacyclononaneé® The maximum in the temperature
dependence ofT is indicative of the stabilization of a high-
spin ground state, which, according to the antiferromagnetic
coupling scheme, iSota = 3Sun — 2S¢ = %». The Brillouin
function calculated foBqa = %> andg = 2.02 fits well with
the experimental data obtained by the measurement of the
field-dependent magnetization at 1.8 K (Figure 4, inset).
Co'"'3Cr'",. As evidenced by the results of IR spectroscopy
(vide supra),7, CoCr,, exhibits partial cyanide linkage
isomerism. The transition from the [(tmphe@P(NC)]
isomer to the [(tmphesfo(CN)] coordination mode is
accompanied by a change in the ground-state spin of the
Cd' center from high sping = 3) to low spin & = %5).
The high-spin state of the former fragment is confirmed by
the properties of the C'gCd"; cluster @), whereas the low-
spin state of the latter can be anticipated from the strong-
field nature of the carbon end of the cyanide ligand and is
also in accord with the recent crystal structure determination
of Co(phen)(CN),.*®¢ The change from the high-spin to low-
spin state is expected to be reflected in the magnetic
properties of bulk samples of the &2y, cluster. Indeed, as

ously decreases from the value at room temperature andc@n be seen in Figure 5, clustéshows different magnetic

reaches a minimum of 10.50 ermol~*-K at 50 K, indicat-
ing antiferromagnetic coupling between the 'Mand Ct!
centers (Figure 4). Below 50 K, therl value increases to
reach a maximum of 13.08 enmol ‘K at 2 K. The
simulation of theyT versusT data was based on the
Hamiltonian (eq 1), with Mand M corresponding to the
Cr'" and Md' ions, respectively. Assumingt, = gun = Jav

= 2.02, the best agreement was achieved with the magneti
exchange constadt= —4.7 cnt. This value is comparable
to the values of-6.2 and—3.1 cn1! reported, respectively,
for the trinuclear compleX[Cr'" (bpy)(CN)]2[Mn"(H,O)4]}

(41) Edelmann, F.; Behrens, U. Organomet. Cheni977, 131, 65-72.

(42) Albores, P.; Slep, L. D.; Weyhermueller, T.; Rentschler, E.; Baraldo,
L. M. Dalton Trans.2006 948-954.

(43) Nelson, K. J.; Giles, I. D.; Shum, W. W.; Arif, A. M.; Miller, J. S.
Angew. Chem., Int. EQ005 44, 3129-3132.
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behavior depending on the method used to prepare the
sample. When the compound is prepared in acetonitrile
(sample7a), the ¥ T value at 300 K is 9.75 emmol 1K,
whereas for the sample prepared in methaiib),(a value
of 11.14 ememol 1K is observed. The CN flip irva is
indicated by the appearance of a band in the IR spectrum at
2103 cnt. Such a feature is not observed in the IR spectrum
of 7b, which implies that sampl@a prepared in acetonitrile
contains more of the isomer with the flipped Cigroups.

The data in Figure 5 also depict a combingt curve
derived by adding the curves obtained for model clusters

(44) Toma, L.; Lescoimec, R.; Vaissermann, J.; Delgado, F. S.; Ruiz-
Peez, C.; Carrasco, R.; Cano, J.; Lloret, F.; Julve,@hem—Eur. J.
2004 10, 6130-6145.

(45) Heinrich, J. L.; Sokol, J. J.; Hee, A. G.; Long, J. R.Solid State
Chem.2001 159, 293-301.

(46) Jian, F.; Xiao, H.; Li, L.; Sun, PJ. Coord. Chem2004 57, 1131.
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Scheme 2. Orbital Contributions to the Magnetic Superexchange via
the CN- Ligand in Complexega and7b

COT-C=N-Crll | Coll-N=C~Cr
g — 4 . — . 4+ &
F oo v Ee A
ERHEHRH FHETTERNKN
L.S. Cot Critt H.S. Colt

C0d'3Cad"; (2) and Zi'5Cr'", (10). The resultingy T temper-

ature dependence corresponds to the magnetic behavior of a

hypothetical unisomerized ¢&Cr'"', cluster in which the Cb

and CH' centers do not experience magnetic superexchange

through the CN bridges and all of the CNbridges are
C-bound to the axial ¢ ions. In such a cluster, all of the
Cd' ions would be in the high-spin electronic configuration
state, which results in the total magnetic moment of this

cluster being higher than the magnetic moments observedt e soiid lin

for either sampl&aor 7b. A comparison of this hypothetical
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xT, emueK/mol
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Temperature, K
Figure 6. Temperature dependence 0F (O) for 8 (NisCr). The solid
line corresponds to the Magpack simulati@a, (= 2.00,gni = 2.15,J =
5 cntl, R2 = 0.9989). (Inset) Field-dependent magnetization at 1.8 K.
e corresponds to the best fit to the Brillouin function$or
6 (g = 2.10,R2 = 0.9994).

0 50 300

curve to the experimentally measured data indicates that the

Cd' and Ct' ions are coupled ferromagnetically in bath

magnetic behavior of this ion at low temperature is an

and7b. It is also evident that the coupling is stronger in the effictive SpinSco = '/5, as in the case of clust& Cd's-
former case. This observation can be rationalized on the basis~0" 2 Whose magnetic properties were described in an earlier
of a simple orbital consideration that takes into account that S€ction. Nevertheless, tigefactors used for the description
the major contributions to the magnetic superexchange via®f l0W-temperature magnetic properties in these two cases

the M—N=C—M' bridge arise from the @z overlaps
between they orbitals of the metal ions and theandxz*
orbitals of the cyanide ligand€.Each overlap that involves
tog Orbitals with unpaired spins on both metal centers will
provide an antiferromagnetic contribution to the total cou-
pling. However, the interaction between unpaired spins
located on agt; orbital of M and an gorbital of M', or vice
versa, will be ferromagnetic because theoebital cannot
overlap with the ligandt/z* orbitals for symmetry reasons.
We now apply this simple scheme to the case of the-Co
C=N-Cr" versus Cb—N=C—Cr'" bridging mode (Scheme
2). In the former, the only unpaired electron on thd €enter

is located in an gobital, whereas the three unpaired electrons
of the CH ion occupy the 4 orbitals. Because only

are very different. Typicab values for the low-spin Cb

ion are in the range of 2:22.4, whereas for the high-spin
Cd' ion with an effectiveS = /, ground state, thg values

are typically higher than Z Because the content of the high-
spin Cd state is higher for the less isomerized samsla) (

the low-temperature maximum for this sample is observed
at a higher value ofT.

The occurrence of cyanide linkage isomerism, along with
the nontrivial magnetic behavior of high-spin 'Caons,
complicates the modeling of magnetic data for samfkes
and7h. The consideration of magnetic exchange interactions
and the spin states of Caenters as described above suggests
that the C8 and Ct" ions in cluster7 are ferromagnetically
coupled. At low temperatures, this would lead to a stabiliza-

ferromagnetic contributions are possible in this case, the tion of the ground state witBow = . We were able to fit

resulting exchange interaction is essentially purely ferro-
magnetic. In the Cb-N=C—Cr" bridging mode, the Cb
ions have one unpairedgtelectron and two unpaired; e
electrons, which results in both antiferromagnetic and
ferromagnetic contributions. Therefore, the ferromagnetic

the field-dependent magnetization data collected for sample
7a at 1.8 K to the Brillouin function for thes = 9/, state,
assuming) = 2.48 and an axial zero-field splitting parameter
of D = 0.5 cm! (Figure S3). This fit, however, is only a
rough approximation. To perform a more quantitative

exchange should be more pronounced in the case of theanalysis of the magnetic data, we are currently pursuing the

Co'—C=N-Cr" bridge. This is in agreement with the fact

deliberate preparation of a TBP cluster in which the 'CN

. . . i i i |
that the sample that contains a higher fraction of the cluster [iNkers are completely isomerized and all of the'@enters

with flipped CN- bridges, namely’a, exhibits ayT curve
that increases faster than the curve for sanTjle
Samplesraand7b exhibit maxima inyT at 3.5 K of 19.1
and 20.6 emumol 'K, respectively (Figure 5), which
indicate the stabilization of a ground state with a high-spin
value. The Cbion in the [(tmphenCo(CN)] coordination
environment is low-spin witls:, = .. The Cd ion in the
[(tmphen}Co(NC)] environment is high-spin wittsc,
3/,, but because of the strong spiarbit coupling, the

(47) Weihe, H.; Gdel, H. U.Comments Inorg. Cher200Q 22, 75—-103.

are in the low-spin electronic configuration.

Ni"sCr'",. At 300 K, the value ofyT for 8, NisCry, is
8.64 emumol~1-K, which is higher than expected for a spin-
only case 4T = 6.75 emumol~1-K). The xT value continu-
ously increases from that at room temperature (Figure 6),
indicating the existence of ferromagnetic coupling between
Ni'" and CH ions, which is expected given that the unpaired
electrons are located on thgand bq orbitals, respectively.
The MAGPACK simulation of the/T versusT data based
on Hamiltonian (eq 1) with the parameigs = 2.00 led to
gni = 2.15 and the isotropic exchange consthnt8.5 cntt.
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The latter is comparable to the values of 10.9 and 8.7'cm 16.00
reported for the linear NiGrtrimer in {[Ni(cyclam)][(Mes- 1400 b oan et 5666 0DDTTO00 O
tacn)Cr(CN}]2} (ClOy), (cyclam= 1,4,8,11-tetraazacyclotet- ' 00°
radecane, Mgacn = N,N',N"-trimethyl-1,4,7-triazacy- 12.00 - 0
clononane’® and the heptanuclear CrNicluster in g 1000 g 120 PR
{[Ni(tetren)[Cr(CN)g]} (ClOy)s (tetren= tetraethylenepen- ? £ 1000 o
tamine), respectivel}f The value ofy T reaches a maximum 2 800 § 0y °
of 22.7 emumol~1-K at 6 K, which is indicative of the O 600 % sl 8
stabilization of a high-spin ground state wig= 6. The = 5 “° gg
field dependence of magnetization at 1.8 K was fitted to the 4.00 | £ 20y
Brillouin function for S= 6 andg., = 2.10. (Figure 6, inset). 200 4 N e ® » o m @
As mentioned in an earlier section, Chen et al. observed Applied field, kOe
ferromagnetic coupling between 'Nions in trigonal bipy- 0.00 ' ' ' ' ‘
0 50 100 150 200 250 300

ramidal cluster [Ni(bpmp)s[Co(CN)]..%¢ The isotropic ex- Temperature, K
change constant reported for this cluster is of the same orderF_g e 7. Temperature dependencesdt (O) ;Or 9 and the combinegT
. . . . - Igu . u |

of magnitude as the one obtained in _thIS work for the-Ni dependence fdt and11 (dashed line). (Inset) Field-dependent magnetization
Cr, cluster 8) (4.06 vs 8.5 cm?, respectively). In the former  at 1.8 K.
case, however, the magnetic coupling is mediated by long _ ) ] o )
N=C—Co—C=N bridges that involve intermediary {0 and high applied fields. An examination of field-dependent
ions, in contrast to coupling via the much shorte=iC magnetization at different temperatures revealed that the Mn
pathway in8. We also observed ferromagnetic coupling in Fe_z cluster is characterized by significant magnetig anisotrqpy
the analogous NCo, cluster @) (Figure S1a), although it is (Flgu_re S4). A thqrough treatment of the magnetic behavior
weaker than in the case of the other two compounds. The'®duires the application of more advanced physical models
observations of Chen et al. and our own observations led usthat are outside the scope of this article.
to believe that the moderately strong ferromagnetic coupling _ Magnetic Interactions in the TBP Clusters. The new
that appears to be mediated by diamagnetit @ms over TBP clusters represent simple assemblies of magnetically
a long pathway (which is an otherwise unprecedented type coupled transition-metal ions. With the exception of 'Fh@-c_o
of situation) is likely to be an artifact caused by the presence Cfz (7) and MnfFe; (9) clusters, whose magnetism is
of a magnetic impurity. complicated by spirrorbit coupling and, in the former case,

[Mn(tmphen) ]s[Fe(CN)e], (9). For 9, MnsFe, the value by cyanide linkage isomerism, the magnetic behavior of the
of 4T at 300 K is 14.54 emmnol*l-K, which ,is slightly compounds was interpreted straightforwardly by the use of
hig)fwer than the spin.-only value of, 13.88 LK the isotropic magnetic exchange Hamiltonian (eq 1). Model
expected for three high-spin Mn(S = 5/,) and two low- clusters MCo, (M = Mn (1), Co@), Ni(3)) and ZQM'Z (M'
spin Fél (S = 1) ions in the absence of magnetic cr (1.0).’ Fe (.11)) were used for an accurate es.t|mat|onlof
interactions. Nevertheless, this value compares favorably tothe |nd|V|du_aI lon magnetlc parameters for use in r_nodelmg
the sum of the/T values for model clusters (Mn,Coy) and the magnetic properties of clusté&ss'9. The application of
11 (ZnsFey). The deviation from the spin-only case is due tl\r;_e(l:sotré)pm exltt:h(zjir_]g‘? m<|)del to:(_:rzzl(Eg,ﬁ/I;g?Crz (?LI_%HSOI
to a significant orbital contribution that is well established |3_1r2 (8) resulted In values o a4, an '
for the 2T, ground state of the low-spin Meion*®-5! and cm 4, respect_lvely. It is interesting to compare th_ese val_ues
confirmed by an examination of the model &, cluster to the magnltudg of Fhe m.agne'uc exghange mteracthns
(Figure S1af3 The value ofT for 9 gradually decreases as through the cyanide bridges in the Prussian blue-type solids.

the temperature is lowered (Figure 7) and reaches a minimumghef Ia(tjtebr Cﬁn be gstht_ed frorr;j,tglgz mean-field expression
of 7.42 emumol~1-K at 2 K, indicating antiferromagnetic erived Dy Langevin, YeiIss, an

coupling between the Mnand Fé' ions. Antiferromagnetic 21J| o
exchange should result in a stabilization of the ground-state Te= %[inﬁw(sm + 1)+ ZySe(Se + 1) 2
spin value ofS = ¥/,. Given such a high-spin value, one

would expect to observe a maximum-e24 emumol~K where Sy and Sy are spin values of individual M and 'M

in the low-temperature region of the@ plot, which is not jons, Zy andZy are the numbers of nearest metal centers
the case for clusted. The maximum magnetization value at  connected to M and Mvia CN~ bridges,x is the stoichi-

1.8 Kand 7 T is12.6us, approaching the value of 138  ometry of the PB-type compound, MIKCN)],, andks is
expected for the ground stefe= %, (Figure 7, inset). The  the Boltzmann constant. The estimatedalues for the PB
incomplete saturation suggests the presence of low-lying materials (Table 5) are in good agreement with those found
excited states that are populated even at low temperaturegor molecular cyanide compounds, 6, and 8, thereby
supporting the hypothesis that these pentanuclear molecules

(48) Berseth, P. A; Sokol, J. J.; Shores, M. P.; Heinrich, J. L.; Long, J. R. serve as useful simple models for studying magnetic interac-
J. Am. Chem. So@00Q 122, 9655-9662.

(49) Figgis, B. N.Trans. Faraday Socl961 57, 198-203. tions in extended cyanide architectures. Molecular cyanide
(50) Figgis, B. N.Trans. Faraday Socl961, 57, 204-209.
(51) Baker, J.; Figgis, B. NAust. J. Chem1982, 35, 265-275. (52) Ne@, L. Ann. Phys1948 3, 137-198.
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Trigonal-Bipyramidal Cyanide-Bridged Clusters

Table 5. Magnetic Exchange Constani<Calculated for Clusters, 6, Conclusions
and8 Using the Isotropic Exchange Hamiltonian (Equation 1) and

Exchange Constants for Prussian Blue-Type Solids Estimated from A homologous family of new pentanuclear cyanide-

Equation 2 : i 3 ‘
: bridged clusters based on the trigonal bipyramidal geometry
C”C:ﬁlteza J'zc;n: Crl'[DCB:?/(ZeNS)(;"G* T;g J'zc;n; was prepared and fully characterized by X-ray crystal-
ralriz —z1L. r 6/0.6 —cc. R
MnisCril, 6)  —4.7 NaMi[CM(CN)J>* 60 1.8 lography, mfrared spectroscopy, aqd SQUI.D magnetometry.
Ni'sCrl, (8)  +8.5 CsNI[Cr!'(CN)g]56 90  +5.7 The magnitude of the exchange interactions between the

a Formulas of the PB-type compounds also include interstitial and/or fransition-metal ions observed in these clusters correlates well
coordinated solvent molecules. For the sake of simplicity, these are not with the values found for the respective mixed-metal Prussian
included in the formulas. blue-type phases that have been reported in the recent
literature. The TBP clusters are excellent targets for advanced
theoretical modeling of magnetically coupled systems be-

. . .~ cause of their small size and relatively high symmetry. The
metrical parameters from the crystal structure determination. Co-Cr. cluster. 7. exhibit ide link . . ith
Moreover, in the few reported single-crystal structures, the Os2 CIUSEET, 7, eXnIDILS Cyanide finkage isomerism, wi

PB materials are characterized by the presence of statisticallythe ex_tent of cyanide_flipping being dependent on the solvent
disordered vacancies in the positions of the' (GN)]™ used in the preparation of the compound. The fact that the

anions or the linkage disorder of the CMridges, which isomerization is quite slow in certain solvents bodes well
leads to the description of the geometries around the metalf0r the process to be monitored by various spectroscopic
centers as statistically averaged coordination environ- t€chniques. These studies are in progress and will be reported
ments®3-55 The TBP clusters presented here do not exhibit in due course.

any disorder with regard to both metal ions anddigands

clusters provide the obvious advantage of being more readily
crystallized than PB materials, which provides precise
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