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In attempts to produce a microporous magnet, two approaches were explored for expanding the Prussian blue
structure type via incorporation of edge-bridged octahedral [ZrsZCly,]** (Z = B, Be) cluster cores. Dissolution of
RbsZrgBClig and KsZrgBeClys in an acetonitrile solution of EtyN(CN) led to the isolation of (EtsN)s[ZreBCli(CN)e] (1)
and (EtsN)s[ZrsBeClio(CN)g]:2MeCN-2THF (2), respectively. The crystal structure of 1-1.5MeCN revealed the expected
cyano-terminated cluster complex with a trans-N++-N span of 11.73(3) A. Unfortunately, both [ZrsZClio(CN)J*~
clusters rapidly lose their cyanide ligands in aqueous solution making them ill-suited for solid-forming reactions
with hydrated metal ions. Such outer-ligand exchange, however, allows the use of [ZrsBClig]*~ in the synthesis of
expanded Prussian blue-type solids through reactions with [Cr(CN)g]*~. The use of 2.2 M aqueous LiCl to stabilize
the cluster during the reaction gave (EtsN);[ZrsBCly][Cr(CN)s]Cl-3H,0 (3), while the use of 1 M acetic acid yielded
(EtaN)[ZrsBCly2][Cr(CN)e]Cl+2H,0-CH3CO-H (4). A Rietveld refinement against X-ray powder diffraction data collected
for 3 confirmed the presence of a cubic Prussian blue framework structure, featuring alternating [ZreBCly,]** cores
and [Cr(CN)s]*~ anions. The temperature dependence of magnetization data obtained for 4 revealed activation of
magnetic exchange interactions between the S = 1/, cluster units and the S = 3/, hexacyanochromate complexes
below 10 K.

Introduction tors/ and nonlinear optical materiagisOne of the most

The prospect of generating materials with tailored proper- thoroughly explored applications, however, has been in the
ties and reactivity has prompted interest in solution-based Synthesis of magnetic materials composed of exchange-
methods for solid synthesis, wherein soluble molecular coupled, paramagnetic transition metal cerftés.appealing
components are organized into an extended framework. challenge is to extend this work to the preparation of
Often the goal in such research is to design a porous solid
that can act as a cataly’stnolecular sievé,or gas storage
materiaf9"#* through the choice of appropriate molecular
building units. The versatility of this approach is apparent
from further demonstrations of its use in constructing ion-
exchange materiaflschemical sensofsglectrical conduc-
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Prussian Blue Analogues

microporous magnets. Such compounds are of interest for(FejFe(CN)]s-14H,0).24 In this compound, the diamagnetic
potential applications as low-density magnetic materials and [Fe(CN)]4~ complexes inhibit communication between the
magnetic sensors, and possibly even in performing magneticparamagnetic Peions, so the solid orders magnetically only
separation%? below 5.6 K!® In contrast, Prussian blue analogues con-
The few documented examples of microporous solids structed from paramagnetic [Cr(Cff~ complexes order at
exhibiting bulk magnetic ordering are typically prepared via much higher temperaturés.Prominent among these are
hydrothermal methods. For example, a series of microporousV[Cr(CN)elo.se2.8HO (Tn = 315 K) and KV[Cr(CN})]-
Fe' and V' phosphate compounds that act as antiferromag- 2H,O (Ty = 376 K), prepared via reaction of [Cr(C§§~
nets with ordering temperatures up to 37 K and pore sizeswith a variety of V' salts!” To date, however, the only
up to 10 A in diameter have been synthesi¥elah. addition, Prussian blue analogue in which microporosity and bulk
the pillared-layered compound &80,)(OH)s(CsH12N2)o 5 magnetic ordering have been demonstrated to coexist is
H,O orders ferrimagnetically at 20 R,and recent work has  Co;[Co(CN)], (Ty = 38 K).!8 Note also that access to the
exposed a series of formate-bridged network solids with cavities in such compounds is likely to be limited to relatively
magnetic ordering temperatures as high as 8 e most small molecules, such as dinitrogen and methahol.
extensive class of porous magnetic structures, however, is One strategy for preparing materials with increased poros-
that exemplified by the coordination solid Prussian blue ity is to expand the frameworks of known microporous solids
by isotropically enlarging a molecular component. This
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A reaction related to eq 1 using [Ni¢B)s]?" and the glovebox. Reactions utilizing [Cr(CNF~ were carried out in the
oxidized cluster [ReS&(CN)g]®~ yields the highly porous absence of light to prevent its photochemical decomposition.
Prussian blue analogue JResSe(CN)gl.:33H,0 .2 Mag- (EtaN)s[Zr ¢BCl12(CN)g] (1). Solid RixZreBClig (0.193 g, 0.119
netic susceptibility data, however, reveal the absence of Mmol) was added to a solution of B{CN) (0.334 g, 2.14 mmol)
significant magnetic exchange interactions betweerStie in 15 mL of acetonitrile, anq the mixtqre was stirred for 24 h. The
1 Ni'" centers and th& = Y, cluster cores at temperatures resulting orange-red solution was filtered to remove insoluble

. . . . materials, and 20 mL of THF was added to give an orange
down to 5 K. Consistent with this result, the calculations precipitate. The solid was collected by filtration, washed with THF

indicate that the spin-containing orbital for such.face-capped (3 x 5 mL), and dried under vacuum to give 0.155 g (73%) of
octahedral clusters should hakeype symmetry with respect  5qyct. IR: vey 2103 cnrt. Anal. Calcd for GeHioBCliaNiaZre:

to the terminal ligand8 and thus will not project spin density ¢, 30.85: H, 5.63: N, 8.60. Found: C, 30.84: H, 5.60: N, 9.04.
out onto the cyanide ligands. In contrast, interstitially Orange rod-shaped single-crystalslef.5MeCN suitable for X-ray
centered, edge-bridged octahedral clusters of the typeanalysis were grown by diffusing diethyl ether vapor into an
[ZrsZX1g]™ (Z = main group or transition metal atom; X acetonitrile solution containing and excess gt(CN).

Cl, Br, 1) display metal-based HOMOs featuringtype (EtaN)s[Zr eBeClio(CN)e]-2MeCN-2THF (2). Solid KsZrgBeChs
symmetry with respect to the terminal ligarf@syhich should (0.125 g, 0.104 mmol) was added to a solution fNEEN) (0.292
facilitate magnetic exchange coupling through a cyanide 9: 1.87 mmol) in 15 mL of.acetonitrile, gnd the m.ixture was stirred
bridge. The chemistry of these clusters has been thoroughlyfor 24 h. The ensuing wine red solution was filtered to remove
explored, both in condensed sofiéland in solutior?’ and insoluble materials, and 20 mL of THF was added to produce an

. . 2 maroon precipitate. The solid was collected by filtration, washed
it suggests that the paramagnetic cluster coresBiZi;] with THF (3 x 5 mL), and dried under vacuum to give 0.111 g

and [Z@BeCh2]2+ (with one and_tv_vo unpalred electrons,_ (65%) of product. IR:vey 2082 (vs), 2098 (M) crt. ey = 2.23
respectively) could pe suitable building units for the synthesis ,,, ot 208 K. Anal. Calcd for GH12BeChN10,Zrs: C, 34.56;
of porous cyano-bridged magnets. H, 6.10; N, 9.03. Found: C, 33.98; H, 6.53; N, 9.03.

Herein, we report the synthesis and magnetic properties (Et4N),[Zr ¢BCl17[Cr(CN) ¢]CI-3H,0 (3). A 15 mL aqueous
of the first expanded Prussian blue analogues incorporatingsolution of (E;N)4Zr¢BClig-2MeCN (0.15 g, 0.084 mmol) and

clusters of this type. LiCl (1.2 g, 45 mmol) was combined wita 5 mLaqueous solution
of K3[Cr(CN)g] (0.021 g, 0.065 mmol). Upon standing for 5 h, a
Experimental Section dark green microcrystalline solid had precipitated. The solid was

collected by centrifugation, washed with successive aliquots of
Preparation of Compounds. The compounds EN(CN)?® water (20 mL), methanol (% 20 mL), and diethyl ether (20 mL),
K3[Cr(CN)g],?® RbsZreBClig,25¢ K3ZreBeChs,2%2 and (EiN)4[Zre- and dried under a dinitrogen purge to give 0.051 g (51%) of product.
BClig]-2MeCN’c were prepared as described previously. Tetra- Product identity and purity were verified by comparison of the
hydrofuran was distilled over Na/benzophenone; acetonitrile was observed powder X-ray diffraction pattern with a simulated pattern.
distilled over CaH, and water was distilled and deionized with a The water content was determined by combining results from
Milli-Q filtering system. All other reagents were used as purchased. thermogravimetric and elemental analyses. IRy 2149 (broad)
All reactions were carried out in deoxygenated solvents under the cm2, Anal. Calcd for G,H4BCl13CrNgOsZrs: C, 17.14; H, 3.01;
anaerobic conditions provided by a nitrogen-filled glovebag or N, 7.27. Found: C, 17.70; H, 3.17; N, 7.49.

(EtaN)o[Zr 6BCl12][Cr(CN) ¢]Cl-2H,0-CH3CO,H (4). A solution

(23) (a) Yan, B. B.; Zhou, H. J.; Lachgar, Morg. Chem2003 42, 8818. of (EuN)4[ZreBClig]-2MeCN (0.20 g, 0.11 mmol) in 15 mL of
(b) Yan, B. B.; Day, C. S.; Lachgar, Ahem. Commur2004 2390. 1 M aqueous acetic acid was combined with a solution of
(c) Zhou, H.; Day, C. S.; Lachgar, AZhem. Mater2004 16, 4870. . .

(24) Hughbanks, T.; Hoffmann, R.. Am. Chem. Sod983 105, 1150. K3[Cr(CN)g] (0.039 g, 0.12 mmol) in 2 mLfol M aqueous acetic

(25) Bond, M. R.; Hughbanks, Tnorg. Chem.1992 31, 5015. acid to yield a dark green precipitate. After the mixture stood for

(26) Selected references: (a) Ziebarth, R. P.; Corbett, J. Bm. Chem. 7 h the solid was collected by centrifugation, washed with three
Soc.1988 110, 1132. (b) Ziebarth, R. P.; Corbett, J. Bcc. Chem. ive 20 mL ali ts of wat d dried und f
Res.1989 22, 256-262. (c) Ziebarth, R. P.; Corbett, J. D. Am. successive 20 mL aliquots of water, and dried under a purge o

Chem. Soc1989 111, 3272. (d) Rogel, F.; Zhang, J.; Payne, M. W.;  dinitrogen to give 0.15 g (81%) of product. Product identity and
Corbett, J. DAdv. Chem. Ser199Q 226, 369-389. (e) Corbett, J.  purity were verified by comparison of the observed powder X-ray

D. Pure Appl. Chem1992 64, 1395-1408. (f) Corbett, J. DJ. Chem. - : : :
Soc.. Dalton Trans1996 575-587. diffraction pattern with a simulated pattern. The water content was

(27) (a) Rogel, F.; Corbett, J. 0. Am. Chem. Sod.99q 112, 8198. (b) determined by combining results from thermogravimetric and
Runyan, C. E., Jr.; Hughbanks, J.Am. Chem. S04994 116, 7909. elemental analyses. Diffuse reflectance spectrum (powdgr)x

(c) Tian, Y.; Hughbanks, Tinorg. Chem.1995 34, 6250. (d) Tian, .
Y.; Hughbanks, TZ. Anorg. Allg. Chem1996 622 425. (e) Harris, 293 (sh), 312, 455, 494 (sh), 540 (sh), 672, 792 nm. g 2132

J. D.; Hughbanks, TJ. Am. Chem. Sod.997, 119, 9449. (f) Chen, (broad),vco 1458 cnit. e = 6.94up at 298 K. Anal. Calcd for
L.; Cotton, F. A.; Klooster, W. T.; Koetzle, T. B. Am. Chem. Soc. C24H4BCl13CrNgO4Zrs plus 2.4% amorphous Cr(GBO,)s: C,
1997119 12175. (g) Chen, L.; Cotton, F. A.; Wojtczak, W. lorg. 18.57; H, 3.08; Cl, 28.28; Cr, 3.83; N, 6.88; Zr, 33.59. Found: C,

Chem.1997 36, 4047. (h) Harris, J. D.; Hughbanks, J. Cluster . . . . .
Sci. 1997, 8, 521. (i) Xie, X.; Reibenspies, J. H.; Hughbanks,JT. 18.73; H, 3.32; Cl, 27.46; Cr, 3.80; N, 7.08; Zr, 33.10.

Am. Chem. S0d.998 120, 11391. (j) Xie, X.; Hughbanks, TAngew. X-ray Structure Determinations. A single crystal of 1.
gﬂem'is;gté fgéggg(ﬁik-ﬂy'ék) hSt;m’kD.;'lgulgdhg?ntkS’S Taﬂgg% 1.5MeCN was coated in Paratone-N oil, attached to a quartz fiber,
em. 3 . e, X.; Aughbanks, Oll ate SC . .
1, 463. (m) Xie, X.. Hughbanks, Tinorg. Chem200Q 39, 555. (n) tr_ansferred to a Brukt_er SMART dlffractome_tgr, and coqled ina
Sun, D.; Hughbanks, Tinorg. Chem.200Q 39, 1964. (0) Xie, X.; dinitrogen stream. Lattice parameters were initially determined from
Jonehst; J.kN.; HUthanEs, Thorg. Chem2001, 40, 522. (p) Xie, X.; a least-squares refinement of 175 carefully centered reflections. The
Hughbanks, TInorg. Chem.2002 41, 1824. ; B ; ; ;
(28) Webster, O. W.. Mahler, W.: Benson, R..E Am. Chem. S04.962 raw intensity data were conver.ted. (including corrections for
84, 3678. background and Lorentz and polarization effects) to structure factor
(29) Bigelow, J. H.norg. Synth.1946 2, 203-205. amplitudes and their esd’'s using the SAINT 5.00 program. An
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Table 1. Crystallographic Data and Structural Refinement Parameters fgX)dEZrsBCli2(CN)g]-1.5MeCN (-1.5MeCN),
(EtN)2[ZreBCl12][Cr(CN)6]Cl-3H20 (3), and (E&N)2[ZrsBCl12][Cr(CN)g]Cl-3H,0-CH3;COOH @)

1-1.5MeCN 3P 40
formula CoH 104_d3C|12N 12.Zl6 C22H4GBC|13CI’N803ZI’6 CosH 54BC|13CI’N307ZI’6
fw 1852.48 1541.7 1649.8
T(K) 159 295 295
space group P4 Fm3m FrBm
z 4 4 4
a(h) 23.702(1) 16.182(3) 16.06(1)
c(A) 13.7979(9)

V (A3) 7751.6(7) 4237(2) 4145(9)
ealca (9/cF) 1.587 2.416 2.643
R1, R (%) 5.56, 10.00

Ro, WR,, Rt (%) 5.37,8.13, 6.82

aObtained using graphite monochromated Ma & = 0.71073 A) radiation®Obtained using synchrotron radiation of wavelengtis 1.278041(5) A.
°Ri = JIFol — [Fell/3|Fcl; Re = {Z[W(Fol — IFc)/ZW(IFol)1} % “Ro = Flyi(obsd) — yi(caled)/yi(obsd); wR, = {3 [wi(yi(obsd) — yi(calcd)y/
Z[Wi(Yi(ObSd)H}llz; R = Z|F02 - F02|/2F02.

empirical absorption correction was applied to the data set using of the Prussian blue-type unit cell. A cosine Fourier series
SADABS. The space group assignment was based on systematidackground and a pseudo-Voigt peak sRapeorrecte@ for
absencesk statistics, and successful refinement of the structure. asymmetry) were also refined. The molecular geometries of the
Initially, the data indicated #dmmsymmetry, and the space group [ZreBCli5]?" cluster core and [Cr(CN)?~ complex were maintained
P4,/ncmwas chosen. In this space group, it was possible to locate by imposing the following restraints: ziZr = 3.35(2) A, ZrCl

the cluster and almost all of the tetraethylammonium cations. = 2.57(2) A, Zr-B = 2.36(1) A, CC = 2.08(2) A, and &N =
However, it was not possible to obtain a value Ryrbelow 30%, 1.15(2) A. The N-C and G-C bond distances were maintained
and the light atoms would have unreasonably large thermal by soft constraints by imposing reasonable values for theCN
parameters. At this point, we attempted to solve the structure in and C-C bonds. The weighting factor for the soft constraints was
lower-symmetry space groups employing several twin laws to fixed at 1000 during the initial stages of the refinement and reduced
account for the higher apparent symmetry. Numerous space groupgo 10 during the course of the refinement. Because of the limited
were tested, and we determined the true space group of the crystaamount of data, isotropic thermal parameters for Zr, B, and Cl atoms
to be P4 twinned by a 2-fold rotation along 110 (twin law 0 1 were fixed at a value of 0.0552ACr, C and N atoms were fixed
01000 0-1). The structure was solved by direct methods, with at a value of 0.08 A and the thermal parameters for tetraethyl-
the aid of difference Fourier maps, and was refined with successiveammonium cations were fixed at 0.2.ACrystallographic param-
full-matrix least-squares cycles. The final refinements reveal that eters are listed in Table 1.

each twin occupies approximately the same volume (scale factor Other Physical MeasurementsRoutine X-ray powder diffrac-

= 50.3%). Light atomsZ < 8) were refined isotropically, while  tion data were collected using CasK(A = 1.79026 A) radiation

all other atoms were refined anisotropically. The bond distances on a Bruker-AXS D8 general area detector diffractometer system.

for two of the cyanide ligands (Zr(3)C(3)—N(3) and Zr(6)-C(6)— Diffuse reflectance spectra were acquired on a Perkin-Elmer
N(6)) had to be restrained to maintain reasonable values duringLambda 9 spectrophotometer equipped with a 60 mm integrating
refinement. This was accomplished by restraining the@rC—N, sphere. Infrared spectra were recorded on a Nicolet Avatar 360

and Z—N bond distances to 2.4(1), 1.14(1), and 3.54(2) A, FTIR spectrometer equipped with a horizontal attenuated total

respectively. Hydrogen atoms were assigned to ideal positions andreflectance accessory. Elemental analyses for C, H, and N were

refined using a riding model with an isotropic thermal parameter carried out in the microanalytical facility at UC Berkeley, and

1.2 times that of the attached carbon atom (1.5 times for methyl analyses for Zr, Cr, and Cl were performed by Galbraith Labora-

hydrogens). Crystallographic parameters are listed in Table 1.  tories. Thermogravimetric analyses were carried out at a ramp rate
High-resolution X-ray powder diffraction data were collected for of 1 °C/min under a dinitrogen atmosphere, using a TA Instruments

compounds3 and4 at beamline 2-1 of the Stanford Synchrotron TGA 2950. Magnetic susceptibility measurements were performed

Radiation Laboratory. Finely ground powders of the samples were on a Quantum Design MPMS2 SQUID magnetometer using at least

loaded into 0.5 mm quartz capillaries under anaerobic conditions, 30 mg of sample.

and the capillaries were sealed. Radiation of wavelength 1.278041(5)

A was selected using a Si(111) monochromator. Diffraction data Results and Discussion

for compounds3 and4 were collected irQ space Q = 2x/d) over

the ranges of 0.6066.00 A1 (20 = 7—75°) with 0.003 A 1 steps The synthesis of expanded Prussian blue-type compounds

and 0.508-8.00 A1 (20 = 6—10C") with 0.006 A steps, has previously been achieved by adding transition metal ions

respectively. The wavelength, zero point, and profile parametersto an aqueous solution containing octahedral cyano-

were refined using a Si standard (NIST 640b). A model structure terminated C|usterS, as in reaction 1 abéﬂ/@According|y,

was generated using the geometries taken from the structures of.q5ctions employing the edge-bridged octahedral clusters
K3[Cr(CN)g]3° and (EiN)4[ZreBClig]-2MeCN¢ and employed as

a starting point for Rietveld refinements against the diffraction data (31) Larson, A. C.; von Dreele, R. B5SAS: General Structure Analysis
using the program GSAS.A tetraethylammonium cation disor- System Los Alamos National Laboratory: Los Alamos, NM,

dered over an inversion center was fixed at the center of each octant 1990. )
(32) Thompson, P.; Cox, D. E.; Hastings, J.JBBAppl. Crystallogr1987,

20, 79.
(30) Jagner, S.; Ljungstno, E.; Vannerberg, N.-GActa Chem. Scand974 (33) Finger, L. W.; Cox, D. E.; Jephcoat, A. R.Appl. Crystallogr1994
A28 623. 27, 892.
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parent cluster, which is also observed in the preparation of
(E4N)s[ZreBeClgl-3MeCN 27

X-ray analysis of a single crystal ¢f1.5MeCN revealed
the expected molecular geometry (Figure 1). Here, a central
boron atom is surrounded by a regular octahedron of six
zirconium atoms, with each edge bridged by-2Cl atom
and each apex coordinated by a terminal cyanide ligand. The
mean Zr-B and Zr-Zr distances of 2.31(2) and 3.26(1) A,
respectively, agree well with those previously observed for
the 14-electron clusters in BEr¢BClig?®¢ and (Im}[Zre-
BClg]:CeHsCH3:2MeCN (Im = 1-ethyl-3-methylimid-
azolium)?’¢In addition, the mean ZC distance of 2.39(4)
A'is comparable to the 2.36 A ZC bond observed for the
14-electron cluster [Z2BeChy(CNXyl)¢] (CNXyl = 2,6-
Figure 1. Structure of the [Z4BCliCN)g]*~ cluster, as observed in dlmethy!phenyl ISocyanldéfy.h The mea}rtransN---N dIS—. .
1-1.5MeCN. Ellipsoids are drawn at the 50% probability level. Note tance within the hexacyanide cluster is 11.73(3) A. This is
that the cluster sits on a general position and possesses no crysta)_!\lo-5_5 A longer that the overall span of [Fe(GN)2> and 1.4
Grical Imposec STl Selr st mean nieaone dsances () A longer than the span of [RE(CNYL.* > Thus, the
1.19(9). incorporation of such Zrcluster units can be anticipated to

result in an even greater expansion of the Prussian blue

[ZrsZClio(CN)s]*~ (Z = B, Be) might be expected to proceed framework structure.

as follows Typically, the synthesis of expanded Prussian blue ana-
logues must be carried out in aqueous solution to obtain
AM(H,0)]*" + 3[ZrZCl,(CN)J* — crystalline materials. Unfortunately, experiments probing the

M[ZreZCl,(CN)gl3XH,0 (2) solubility of 1 and2 revealed that the [ZZCl12(CN)e]®>~ (Z
e T2 = B, Be) clusters rapidly decompose in water. Compoilind
The success of this reaction depends, however, on thedissolves in degassed water to give an orange solution, from
[ZreZCl1(CN)g]* cluster being substitutionally inert. If it which an amorphous_ orange solid begins to precipitate after
is not, then the terminal cyanide ligands may be quickly approximately five minutes. Over the course of several hours,

exchanged for water, and the anticipated cyano-bridged solidthﬁ. Sr?ll'd gr_e(;(_:iually turns{ W?'te Ia rt].d evglves gas],ures ulting in
will not ensue. Under such circumstances, an alternative & M9N'y acidic supernatant soiution. ©ompo enaves

strategy could be adopted, in which the chloro-terminated tswtmlarly,(;e):ﬁept tTatF onlty)lla s?all amoulntt Olf So'.'t?].pr?.(f:t'p"
cluster is employed in combination with a substitutionally ates, and tne soiution bieaches completely within fifteen

: minutes. Other than formation of a precipitate, which may
inert hexacyanometalate complex be the result of the assembly of insoluble of cyano-bridged
4 3— cluster oligomers, very similar behavior has been observed
3[2reZClg™ + 2IM(CN)gl™ — for the [ZZClig]>~ (Z = B, Be) clusters in aqueous
[ZrZCligls[M(CN) el XH,0 (3)  solution?”™ Upon dissolution, the six labile chloride ligands
are exchanged for water molecules to give ¢B&Cl -
Both of these approaches were pursued in our efforts to (H,0)¢]*. A bound water ligand can then hydrolyze to give
produce magnetic Prussian blue analogues incorporatingH+(aq)and [ZBeCh(H,0)s(OH)]. Further decomposition of
[ZreZCl1J*" (Z = B, Be) cluster cores. the cluster occurs with the evolution ofly an unknown
Cyano-Terminated Clusters.The molecular salts (BY)s- pathway. It is possible to inhibit decomposition of the chloro-
[ZreBCl1(CN)e] (1) and (EiN)s[ZreBeChy(CN)e]-2MeCN terminated clusters, however, by dissolving them in the
2THF (2) were synthesized by adding cyanide to reactions presence of excess chloride ions (to compete with water
performed under conditions similar to those employed in the |igands for complexation) or in acidic solution (to prevent
preparations of (BN)sZreBClig]-2MeCN and (EN)s- hydrolysis)?m Regardless, the lability of the cluster-cyanide
[ZreBeChgl-3MeCNZ27* Dissolving RBZreBClig in aceto-  complexes inl and 2 renders them unsuitable for the
nitrile in the presence of an excess of anhydrouslEN) preparation of expanded Prussian blue solids as shown in
produced the 14-electréfcluster [ZgBCl12(CN)g]>~. When reaction 2.
KsZreBeCls is dissolved under the same conditions, the 13- Cluster-Expanded Prussian Blue AnaloguesThe lability
electron cluster [ZBeCh(CN)g]>~ results. Note that the  of the terminal ligands renders suchs Ziusters of poten-
reaction involves spontaneous oxidation of the 14-electron ta| utility in solid assembly reactions of the type exempli-
) Eduo-bridaed octahedral — . or 16 motal fied above with reaction 3. Indeed, emulating the syn-
¢4 bas?eed \l;lalgﬁcé) (ieletlecet}rorr?s%ﬁichcclfasnetr)zptfoﬁi}ﬁtcg;] rfllsoformri];llg a(izight thesis of KV[Cr(CN}]-2H,0,'"® (EtuN)4[Zr¢BClig-2MeCN
three-center, two-electron bonds (one for each face of the octahedron).
Electronic structure calculations show, however, that the introduction (35) Pospelov, V. A.; Zhdanov, G. gh. Fiz. Khim.1947 21, 879.

of a centering main group atom Z results instead in a preference for (36) Mironov, Y. V.; Cody, J. A.; Albrecht-Schmitt, T. E.; Ibers, J. A.
14 MeZ-based valence electroffs. Am. Chem. Sod 997, 119 493.
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was found to react with [Cr(CN)*~ in aqueous solution
to precipitate the dark green Prussian blue analogue
(EtN)2[ZrgBCl12][Cr(CN)e]Cl-3H0 (3):

2E4N" +[ZrBCl,d* + [Cr(CN)* —
(Et,N),[Zr¢BCl,,][Cr(CN)(]CI-3H,0 + 5CI~ (4)

The reaction was carried out in 2.2 M aqueous LiCl to
prevent the decomposition of the cluster. Unfortunately,
characterization of the product by infrared spectroscopy and
powder X-ray diffraction revealed the presence of a small
amount of C§Cr(CN)g].-xHO impurity °¢ Presumably, this
impurity develops when some [Cr(C§§~ complexes are
photoreduced’ permitting the labile Ci" ion to shed its
cyanide ligands and react with residual [Cr(GJN) species.

To prevent the reaction between thé'dons and [Cr(CNj*-,
acetic acid was employed to chelate any freé"Gons in
solution, as well as to hinder the hydrolysis of thes; Zr
cluster?™™ The use of 1 M acetic acid as the reaction medium
allowed the isolation of (BN)2[ZrsBCli5][Cr(CN)g]-2H,0O
-CH3;CO.H (4) as a green powder, which infrared spectros-
copy and X-ray powder diffraction showed to be free of any
Cr3[Cr(CN)g]2xH20 impurity. The slightly elevated chro-
mium content of the sample found by elemental analysis is
consistent, however, with the presence of a small amount of
Cr(O,CCHg)s impurity, the most likely impurity given the
reaction conditions. Unfortunately, analogous reactions did
not lead to incorporation of the [@eCh]?" cluster core

in a Prussian blue framework because of its rapid decom-
position under the synthesis conditions.

As is frequently the case for Prussian blue analogues,
sizable crystals 08 and 4 were not readily obtained. The
X-ray powder diffraction patterns for the compounds,
however, index to face-centered cubic lattices with unit cell
parameters o = 16.182(3) and 16.06(1) A, respectively.
These unit cells are consistent with a Prussian blue lattice
that has been expanded by & A, approximately the amount
anticipated from inspection of the structure fUnfortu-
nately, in each case the diffraction peaks were only well-
resolved out to & ~ 50°, and attempts to prepare more
crystalline solids by heating the reactions only resulted in
the decomposition of the products. Rietveld refinement of

3 (Figure 3) because the peaks in the data from compound

4 were too broad. The positions of the framework atoms in
3 were refined using soft constraints for the bond distances.
Although it was not possible to locate the extraframework

species using difference Fourier maps, a reasonable fit was

obtained by placing a Bl cation at the center of each
octant of the unit cell. The positions of the remaining chloride
counteranions and water molecules could not be specifically
resolved.

The resulting framework structure &f is presented in

Figure 2, and it consists of the usual Prussian blue arrange-

ment, albeit with [ZgBClJ]?* cluster cores situated at
alternating metal ion positions. Note that the interatomic

(37) Sieklucka, BProg. React. Kinet1989 15, 175.

Figure 2. Unit cell for the structures of (&N)2[ZreéBCli2][Cr(CN)g]Cl-

3H,0 (3) and (EHN)z[ZI’eBcllz][Cl'(CN)a]C|'2H20'CH3COOH (4) Black,
crosshatched, large white, small white, shaded, and hatched spheres represent
Zr, Cr, Cl, N, C, and B atoms, respectively,Bt" cations, Cf anions, and
solvent molecules are omitted for clarity. Atomic positions are those obtained
from the structural refinement of compouBdSelected interatomic distances

(A): zZr—2zr, 3.330(4); Zr-B, 2.355(3); ZrCl, 2.552(4); Zr-N, 2.488(7);

Cr—C, 2.096(6); C-N, 1.152(3).

20,000
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10 20 30 40 50
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Figure 3. Portion of the powder X-ray diffraction data for compoudd
(crosses) along with the final fit from the crystallographic analysis (upper
solid line). The lower line plots the difference between observed and
simulated patterns. Note the broad peak at ca.°1®Bich results from a
small amount of G[Cr(CN)g]2:xH-0O impurity.

ddistances obtained from the refined cluster core geometry

are in reasonable agreement with those observed within
(H30)4[ZreBCl1g]*13H,0.2’™ In all, the structure is quite
analogous to that of the expanded Prussian blue analogue
(Me4N)2Mn[NbsCl12(CN)e], which exhibits a slightly smaller
unit cell dimension o = 15.513(4) A, consistent with its
noncentered edge-bridged octahedral cluster @fitshe
atoms in the expanded framework®bccupy only 51% of

the structure, so that each unit cell contains 20780
extraframework space, in which the, Rt cations, Cf
anions, and water molecules resi&he geometry of one

of the pore openings through which this space might be
accessed is shown in Figure 4. Obviously, the protruding ClI

(38) This volume is based on the estimated van der Waals radii of the
framework atoms and was calculated from the crystal structures using
a Monte Carlo integration procedure described previotily.
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Figure 4. Geometry of the pore openings within the framework structure  Figure 6. Temperature dependence of the magnetization of compd@inds
of 3. Atom types are as designated in the legend of Figure 2. Accounting (O) and4 (O) in applied fields of 50 and 10 G, respectively. Note that the
for the van der Waals radii leaves a gap of only ca. 0.8 A between the two rise in the magnetization data for compouBdbeginning at ca. 270 K is
central Cl atoms. the result of magnetic ordering in the £Lr(CN)g]2-xH20 impurity.

10 = 1/, [ZreBCl15)?>" cluster cores an® = 3, [Cr(CN)g]3~

complexes, after the 2.4 wt. % of CH{OCH)s (S = %)
impurity was taken into account. A plot of magnetization
versus temperature for compouBdeveals a sudden increase
at 270 K, which is the result of the onset of magnetic ordering
in the Cg[Cr(CN)g]2*xH,0O% impurity (Figure 6). In addition,
below 10 K, the data display an upturn in the magnetization
that may signal the activaton of the anticipated antiferro-
magnetié! exchange interactions within the cluster-expanded
0 100 200 300 400 500 material. The data for compourticonfirm the absence of

T(°C) any Cg[Cr(CN)g]2-xH,O impurity and exhibit the same
Figure 5. Thermogravimetric analyses for compourigsolid line) and upturn in the magnetization below 10 K. Thus, although the
4 (dotted line) with temperature increasing at a rate 6€1min. spin orbital of the Zg cluster is of appropriate symmetry, it
appears that the amount of spin density projected onto the
bridging cyanide ligands is insufficient to instill magnetic
ordering at temperatures above ca. 2 K. This is most likely
a consequence of the combined effects of too little orbital
overlap between the Zr and N atoms (at a separation of
2.488(7) A) and delocalization of just one unpaired electron
over the six zirconium atoms of the cluster.

904

804
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601

50

atoms of opposing clusters severely constrict the central
portion of the openings. The result is essentially two smaller
square openings with dimensions defined by the-Zr span
of 5.74 A.

Thermogravimetric analyses were performed to probe the
thermal stability of compounddand4 (Figure 5). The results
for 3 indicate that the water molecules are released by 100
°C. In contrast, the data fe¥ reveals loss of water by 100
°C and then acetic acid by 16@. Between 200 and 400
°C, the EiN* cations and cyanide ligands decompose, the  These results demonstrate the feasibility of incorporating
latter presumably via evolution of cyanogen, as previously edge-bridged octahedral gZiX ;)™ cluster cores into highly
observed for Prussian bitfand K.Zns[Fe(CN)]2:8.5H,0.4° expanded Prussian blue-type frameworks. Although the use
When heated at 100C for 2 h, a sample of compourdl of the S = Y, [Zr¢BCli5)?" core did not lead to solids
retained its intense green color but lost crystallinity, as probed exhibiting magnetic ordering at high temperatures, it may
via X-ray powder diffraction. The heating of a sample to be possible to increase the ordering temperature by incor-

Outlook

150°C induced a change in color to light tan. porating higher-spin clusters of this type, such ass{Zr
As discussed above, the 13-electronsBEl;2]?" cluster BeXi172t or even transition metal-centered speée$he
core should possess a spin orbital of appropriatype degree of spin projection onto the bridging cyanide ligands

symmetry to enable magnetic superexchange though thecould also likely be enhanced by somehow maintaining
cyanide bridges. Accordingly, magnetic susceptibility mea- coordination of the carbon atoms at the zirconium centers
surements were performed to ascertain whether these materiif, for example, the oxidized species FZICl1(CN)g]*~ (Z

als exhibit magnetic ordering. At room temperature, com- = B, Be) should prove to be inert. Other potential building
pound4 displays an effective magnetic moment of 643 units under consideration for such purposes are the as-yet
in reasonable agreement with the presence of uncoupled hypothetical clusters [BCN)e] and [MsSs(CN)]™™ (M =

Cr, Mn, Fe, Co¥? Ultimately, it is hoped that cyano-bridged

(39) Seifer, G. BRuss. J. Inorg. Chen196Q 5, 33.
(40) Cartraud, P.; Cointot, A.; Renaud, A.Chem. Soc., Faraday Trans.
1981, 77, 1561. (41) Weihe, H.; Gdel, H. U.Comments Inorg. Chen200Q 22, 75.
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materials of this type may achieve the combined character- diffractometer, and Prof. A. M. Stacy for use of the UV-vis
istics of sustainable porosity and high-temperature magneticspectrophotometer. This work was carried out in part at the
ordering. Stanford Synchrotron Radiation Laboratory, which is oper-
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