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The preparation and crystal structures of five cyano-bridged Fe—Mn complexes, [(bipy)2Fe"(CN),Mn"(bipy),]»(ClO,)s
(1), [(bipy)2Fe'(CN)Mn'(DMF)s(H20)[2(CIO4)s (2), {[(Tp)Fe"(CN)s]oMn'(DMF)2(H20)}2 (3), {[(Tp)Fe"(CN)sMn"-
(DMF)2} 5 (4), and Na[Mn"Fe'(CN)] (5) (bipy = 2,2'-bipyridine, Tp = tris(pyrazolyl)hydroborate), are reported
here. Compounds 1-4 contain the basic Fe,(CN):Mn; square building units, of which 1-3 show the motif of discrete
molecular squares of Fez(CN);Mn, and 4 possesses a 1D double-zigzag chainlike structure, while compound 5 is
a 3D cubic framework analogous to that of Prussian blue. Compounds 1 and 2 show weak ferromagnetic interactions
between two Mn(ll) ions through the bent —=NC—Fe(Il)-CN- bridges. Compound 3 shows weak antiferromagnetic
coupling between the Fe(lll) and Mn(ll) ions, while compound 4 displays a metamagnetic-like behavior with Ty =
5.2 K and H, = 10.5 kOe. Compound 5 exhibits a ferromagnetic ordering with T, = 3.5 K, coercive field, H;, =
330 G, and a remnant magnetization of 503 cm® Oe mol™.

Introduction
Cyano-bridged clusteYand coordination polymets® have

magnetism because the cyano bridge can be an efficient
propagation for magnetic coupling. Indeed, most of the

been extensively investigated in the field of molecular known molecule-based magnets withvalues above room
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temperature, such as'y V"o sdCr'"' (CN)gJo.ss2.8H0 (T

= 315 K) 22 Kg.058V[Cr'""(CN)ge] 0.7SO1)0.05¢0.93H0 (T, =
372 K)2° and KV[Cr"(CN)g]2H.0 (T. = 376 K)2¢ belong
to the cyano-bridged Prussian blue family. However, the
origin of the highT. remains unclear because of the lack of
structural information. To better understand the magneto-
structural relationship, some cyano-bridged bimetallic as-
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Cyano-Bridged Fe-Mn Bimetallic Complexes

Table 1. Crystallographic Data fot—5

1 2:CH30OH-2H,0 3-6H,0 4 5
formula GiHesClaFeMNoN20016  CosHeeClaFeMnaN18027  CooHsaBaFesMnaN4O12  CaoHasBaFeMNN2oO,  CaNsMng sFep sNa
fw 1972.91 1890.88 1934.19 895.03 156.45
cryst size (mm) 0.4% 0.26x 0.19 0.46x 0.38x 0.31 0.48x 0.45x 0.07 0.48x 0.45x 0.36 0.20x 0.18x 0.15
cryst syst triclinic monoclinic monoclinic monoclinic cubic
space group P1 P2;/n P2:/c C2lc PrBm
a(R) 12.880(7) 14.035(4) 13.609(5) 27.329(4) 5.2647(7)

b (A) 13.470(7) 16.305(5) 14.672(5) 12.4392(16) 5.2647(7)
c(R) 13.710(7) 19.747(6) 23.230(8) 12.9051(17) 5.2647(7)
a (deg) 109.512(9) 90 90 90 90

B (deg) 99.215(9) 102.329(5) 106.857(7) 102.399(2) 90

y (deg) 90.975(9) 20 20 90 90

vol (A 3) 2207(2) 4415(2) 4439(3) 4284.7(10) 145.92(3)
z 1 2 2 4

D¢ (g cnd) 1.485 1.422 1.447 1.387 1.780

u (mm1) 0.800 0.804 0.989 1.012 2.374
reflns collected 1006 1952 1988 1828 423
unique reflns R 7455 (0.0311) 7721 (0.0851) 8804 (0.0389) 4195 (0.0195) 45 (0.0118)
params 623 759 578 296

SonF? 1.045 1.038 1.093 1.101 1.275

R12wR2P (1 > 20 (1))
R12wR2P
(all data)

0.0741, 0.2020
0.1011, 0.2238

0.0797, 0.1994
0.1438, 0.2591

0.0506, 0.1239
0.0766, 0.1408

0.0350, 0.1006
0.0471, 0.1092

0.0115, 0.0281
0.0115, 0.0281

AR1=3||Fo| — |Fll3IFol. PWR2= [S[W(Fo2 — FAA/SWFAI Y2 Weighting: 1, w = 1/[sX(Fo)?2 + (0.1248)2 + 4.7%]; 2, w= 1/[(Fo)? + (0.1438)?
+ 4.96P]; 3, w = 1/[#(Fo)2 + (0.0558)2 + 7.85P]; 4, w = 1/[sXFo)2+ (0.061F)2+ 3.48P]; 5, w = 1/[sX(Fo)2 + (0.022%)2 + 0.00P]; whereP = [(Fo 2)

+2F /3.

semblies with higherT, values have been structurally
characterized, these includey KCr(CN)e][Mn(S)-pn](9-
pnHos ((9-pn = (9-1,2-diaminopropane)i{ = 53 K),2 [Cu-
(EtOHY][Cu(en)L[Cr(CN)s]2 (Te = 57 K),* Na[MnCr(CN)]
(Te = 60 K)> [Mn(en)]5[Cr(CN)g]2:4H0 (T = 69 K) 8 [Mn,-
(tea)Mo(CN)Y]*H.0O (tea= triethanolamine) To = 75 K),’
and [Mny(tea)Mo(CN}] (T. = 106 K).” However, structural
studies on the Prussian blue family are still limited s&-far
because of the difficulty in growing single crystals.

Very recently, a number of cyano-bridged bimetallic
magnetic assemblies containing J/@N);M'] (M = Fé€',
Fel', W, M' = Fe!, Cu', Ni", Mn") square building units
have been reported with various of spin-cross@¥single-
molecule magneti®® superparamagnetfé metamagnetié?
and spin-canted antiferromagnétioehaviors. To expand the
rich magnetic properties of similar cyanide-bridged bimetallic
assemblies containing [NCN)4;M';] square building units
with higher-spin ground states and to better understand the [(bipy).Fe' (CN),Mn" (DMF) 3(H20)]2(ClO4)4CH30H-2H,0,

magnetostructural relationships of the Prussian blue family, 2:CH30H-2H,0. A solution of Mn(CIQ,)2:6H.0 (0.036 g, 0.1
mmol) in 5 mL of DMF was added to a solution of [(bipie-

the Mn' ion was reacted with [Fe(bipy(CN)2]*, [(Tp)Fe"-
(CN)3]~, and [Fe(CNy®~ (bipy = 2,2-bipyridine, Tp= tris-
(pyrazolyl)hydroborate) to synthesize a serious of'Fe

Mn" bimetallic complexes. Their structures and magnetic

properties are investigated in this paper.

Experimental Section

Materials and General Methods. [(bipy).Fe(CN)}](ClO,4) and
K[(Tp)Fe(CN)] were prepared according to the literature meth- tion of Mn(ClOy),-6H,0 (0.036 g, 0.1 mmol) in 5 mL of DMF
ods!011All of the other chemicals are commercially available and was added to a solution of K[(Tp)Fe(CJ}0.077 g, 0.2 mmol) in
acetonitrile and methanol (1:1 v/v, 20 mL). The resulting brown
solution was stirred at room temperature #oh and then filtered.

were used without further purification. Elemental analyses were
determined using an Elementar Vario EL elemental analyzer. The

IR spectra were recorded in the 4606600 cnt? region using KBr

susceptibility data were collected with Quantum Design SQUID
magnetometers MPMS XL-5 and MPMS XL-7. A correction was
made for the diamagnetic contribution prior to data analysis.
Caution: Perchlorate salts of metal complexes with organic
ligands are potentially explosive and should be handled in small

quantities with care.

[(bipy) 2F€" (CN)Mn"" (bipy)2]2(ClO4)4, 1. A solution of bipy
(0.063 g, 0.4 mmol) in 10 mL of methanol was added to a solution
of Mn(ClQ,),:6H,0 (0.072 g, 0.2 mmol) in 10 mL of methanol.
[(bipy)Fe(CN}](ClO,4) (0.104 g, 0.2 mmol) dissolved in a mixed
solution of acetonitrile and methanol (1:1 v/v, 30 mL) was added
to the resulting yellow solution. The mixture was stirred at’60
for 24 h and then cooled to room temperature. The resulting dark
red solution was filtered, and the filtrate was evaporated slowly to
give prism-shaped dark red crystalslofvithin two weeks. Yield:
0.104 g, 52%. Anal. Calcd for EMnZCg4H68N20018CI4 (1‘2H20)

C, 50.22; H, 3.41; N, 13.94. Found: C, 50.12; H, 3.64; N, 13.71.
IR (KBr): vcn 2090 cnTl,

(CN)2J(ClOy) (0.057 g, 0.1 mmol) in acetonitrile and methanol (1:1
vlv, 20 mL). The resulting solution was stirred at room temperature
for 2 h and then filtered. Block-shaped red crystal2@@H;OH-
2H,0 were obtained by diffusing diethyl ether vapor into the filtrate.
Yield: 0.010 g, 11%. Anal. Calcd for EMI’]2C63H36N13027C|4
(2-:CH30H-2H,0): C, 40.02; H, 4.58; N, 13.33. Found: C, 39.95;
H, 4.47; N, 13.21%. IR (KBr)vcy 2088 cntl.

{[(Tp)Fe" (CN)3],Mn " (DMF) ,(H,0)} »*6H,0, 3-6H,0. A solu-

. Slow evaporation of the filtrate gave block-shaped brown crystals
pellets and a Bruker EQUINOX 55 spectrometer. Magnetic of 3-6H,0 within about one month. Yield: 0.030 g, 31%. Anal.
Calcd for FaMn,B4CgoHgaN4¢O12 (3'6H20)Z C, 37.26; H, 4.38;

N, 28.97. Found: C, 37.10; H, 4.51; N, 28.68. IR (KBrj; 2528,

ven 2145 cnrl,

(10) Schilt, A. A.J. Am. Chem. S0d.96Q 82, 3000.
(11) Lescouezec, R.; Vaissermann, J.; Lloret, F.; Julve, M.; Verdaguer,
M.; Inorg. Chem2002 41, 5943.
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Table 2. Selected Bond Distances (A) and Angles (deg) fei5?

1

Fe(1)-N(1) 1.969(5) Fe(1yC(21) 1.912(6) Mn(1)>N(6) 2.237(5) Mn(13-N(9) 2.166(6)
Fe(1)-N(2) 2.015(5) Fe(1}C(22) 1.911(6) Mn(13N(7) 2.249(6) Mn(1}-N(10) 2.141(6)
Fe(1)-N(3) 2.019(5) C(21¥N(9) 1.138(8) Mn(1)-N(8) 2.266(5) C(22yN(10)#1 1.143(7)

Fe(1)-N(4) 1.980(5) Mn(1)-N(5) 2.310(5)

C(22-Fe(1)-C(21)  90.2(2) C(2yFe(1)-N(2)  175.6(2) N(10XMn(1)-N(6)  94.6(2) N(10F-Mn(1)-N(8)  89.1(2)
C(22-Fe(1-N(1)  95.6(2) C(21¥Fe(1)-N(2) 92.2(2)  N(OFMn(1)-N(6)  101.42(19)  N(9FMn(1)-N(8)  167.4(2)
C(21)-Fe(1-N(1)  89.0(2) C(22)}Fe(1)-N(3) 89.3(2)  N(10yMn(1)-N(7)  103.8(2) N(10FMn(1)-N(5)  165.9(2)
C(22)-Fe(1)-N(4)  88.3(2) C(21}Fe(1)-N(3)  175.8(2)  N(9F-Mn(1)—N(7) 95.5(2) N(9»-Mn(1)—N(5) 93.64(19)
C(21)-Fe(1-N(4)  95.7(2)  N(1OFMn(1)-N@©@)  94.4(2)

2
Fe(1)-C(21) 1.895(6) Fe(BN(3) 2.001(5) Mn(13-N(6) 2.189(6) Mn(13-0(11) 2.239(15)
Fe(1)-C(22) 1.902(6) Fe(HN(4) 1.978(6) Mn(1-0(9) 2.227(6) Mn(1}0(12) 2.25(3)
Fe(1)-N(1) 2.011(5) C(1yN(5) 1.159(8) Mn(1)}-O(10) 2.22(2) C(22yN(6)#1 1.165(8)
Fe(1)-N(2) 1.970(6) Mn(1>-N(5) 2.193(6)
C(21)-Fe(1)-C(22) 85.9(2) C(2BFe(1)-N(3) 90.8(2)  N(2)-Fe(1)-N(1) 80.9(2)  N(5-Mn(1)-0(9) 168.5(2)
C(21)-Fe(1}-N(2) 94.3(2) C(22YFe(1-N(3)  174.1(3)  N(4)Fe(1)-N(1) 93.7(2)  N(5-C(21)-Fe(1) 176.4(6)
C(22)-Fe(1)-N(2) 92.0(3)  N(2)r-Fe(1)-N(3) 93.2(2)  N(3%-Fe(1)-N(1) 91.8(2)  N(6)#E-C(22)-Fe(1) 174.4(5)
C(21)-Fe(1)-N(4) 91.4(2)  N(4»-Fe(1)-N(3) 81.1(2)  N(B¥Mn(1)-N(5)  97.8(2)  C(21¥N(5)—Mn(1) 153.4(5)
C(22)-Fe(1)-N(4) 94.0(3) C(21yFe(1-N(1)  174.6(3)  N(6FMn(1)—O(9)  93.4(2)  C(22)#EN(6)-Mn(l)  155.9(5)
N(2)—Fe(1)-N(4) 172.02)  C(22)Fe(1)-N(1) 91.9(2)
3
Fe(1)-C(10) 1.916(5) Fe(2)C(23) 1.912(5) Mn(1¥0(1) 2.135(4) Mn(13-N(16) 2.210(5)
Fe(1)-C(11) 1.934(6) Fe(2)C(24) 1.919(6) Mn(1}0(2) 2.151(4) Mn(13N(L7)#1 2.246(5)
Fe(1)-C(12) 1.931(6) C(10)N(7) 1.136(6) Mn(1>-0(3) 2.215(4) C(12¥N(9) 1.123(7)
Fe(2)-C(22) 1.928(5) C(11N(8) 1.137(7) Mn(13-N(7) 2.202(4)
C10)-Fe(1)-C(12) 86.7(2)  C(12ZFe(l)-N(@2)  915(2) C(24yFe(2-N(15) 92.0(2)  O(2Mn(1)-O(3) 173.07(16)
C(10)-Fe(1-C(11) 86.8(2)  C(ALFe(l}-N(2)  91.7(2)  C(23yFe(2-N(13) 92.2(2)  N(7>Mn(1)-0O(3) 91.98(17)
C(12-Fe(1-C(11) 88.9(2)  C(23)Fe(2)-C(24) 87.1(2) C(2Fe(2-N(15) 92.28(19) N(16¥Mn(1)-O(3) 85.81(18)

C(10)-Fe(1-N(4)  92.9(2)  C(23)yFe(2)-C(22) 85.9(2)  C(24)Fe(2)-N(13) 179.1(2)  O(1yMn(1)-N(17)#1  86.05(16)
C(12-Fe(1-N(4) 179.1(2)  C(24YFe(2}-C(22) 85.1(2) O(IFMn(1)-0(2)  91.22(15) O(JMn(l)-N(17)#1  87.72(17)
C(11)-Fe(1-N(4)  90.3(2) C(22}Fe(2-N(13) 94.54(19) O(BMn(1)-N(7)  87.41(16) N(PMn(1l)-N(17)#1  173.04(19)
C(10)-Fe(1)-N(6)  93.87(19) C(23)Fe(2-N(11) 93.0(2) O(Mn(1)-N(7)  94.82(16) N(16)Mn(1)-N(17)#1  92.64(18)
C(12-Fe(1-N(6)  91.6(2)  C(24yFe(2-N(11) 91.9(2)  O(1yMn(1)-N(16) 176.04(17) O(Mn(1)-N(17)#1  85.66(18)
C(11-Fe(1-N(6) 179.3(2)  C(22}Fe(2-N(11) 176.8(2)  O(2rMn(1)-N(16)  92.46(18) O(L-Mn(1)—O(3) 90.36(16)
C(10-Fe(1-N(2) 177.7(2)  C(23YFe(2-N(15) 178.0(2)  N(7-Mn(1)-N(16)  93.73(17)

0(3)+-0(4) 2.814(6) O(5)-N(17) 3.270(8) O(6)-N(9)#2 2.843(7) O(4)-0(B)#1 3.191(5)
O(3)+0(5) 2.828(7) O(6)+N(18) 2.825(7) O(4)y-0O(6)#3 2.771(5) O(5)-N(18)#1 3.053(8)
O@B)-H(3B)-0@)  169.1  OGYyH(GB)Y~N(17) 1486  O(BYH(6B)-N©Q#2 1724  O(4YH(4B)--O(6)#1 131.9
O@B)-H(3A)0O() 1757  O(BYH(BA)-N(18) 1665  O4YH(4A)--O(B)#3  164.0  O(FH(5A)-N(18)#1  168.2
4
Fe(1)-C(10) 1.918(2) C(10YN(7) 1.142(3) Mn(2)-O(1) 2.1858(17) Mn(2yN(9)#2 2.198(2)
Fe(1)-C(11) 1.923(2) C(1BN(8) 1.138(3) Mn(2)-N(7) 2.2318(19) C(12)N(9) 1.142(3)

Fe(1)-C(12) 1.909(2)

C(12)-Fe(1)-C(10)  85.02(9) C(12}Fe(1)-N(6)  92.98(8) O(13Mn(2)—N(9)#2 87.25(8)  N(9)#2Mn(2)—N(7) 89.67(8)
C(12)-Fe(1)-C(11)  88.82(9) C(10YFe(1)-N(6) 177.22(9) O(L#EMn(2)-N©@#2 92.75(8) N(9)#3Mn(2)—N(7) 90.33(8)
C(10)-Fe(1)-C(11)  87.32(9) C(1BFe(1)-N(6)  90.71(9)  O(1}Mn(2)—N(9)4#3 92.75(8)  O(1rMn(2)—N(7)#1 89.82(7)
C(12-Fe(1-N(2)  177.45(8) C(12}Fe(1)-N(4)  91.01(9) O(L)#EMn(2)-N©@)#3 87.25(8) O(L)#EMn(2)—-N(7)#1  90.18(7)
C(10)-Fe(1)-N(2) 92.46(9) C(10)Fe(1)-N(4)  94.80(9) O(1)Mn(2)—N(7) 90.18(7) N(9#2Mn(2)~N(7)#1  90.33(8)
C(11)-Fe(1)-N(2) 91.48(9) C(11}Fe(1)-N(4) 177.85(9) O(L)#EMn(2)—N(7) 89.82(7) N(9#3Mn(2)-N(7)#1  89.67(8)

5

Fe(1)-C(1) 1.96(3) Fe(1yC(L)#4 1.96(3) Mn(1y N(L)#1 2.20(2) Mn(1)-N(L)#4 2.20(2)
Fe(1)-C(1)#1 1.96(3) Fe(BHC(L)#5 1.96(3) Mn(13N(1)#2 2.20(2) Mn(13N(L)#5 2.20(2)
Fe(1)-C(1)#2 1.96(3) C¥N(L)#6 1.110(11) Mn(EN(1)#3 2.20(2) N(L)»-C(1)#6 1.110(12)

Fe(1)-C(1)#3 1.96(3) Mn(13N(1) 2.20(2)

a Symmetry transformations used to generate equivalent atdmd: —x, -y + 1, -z 2#1 —x+ 1, -y +1,-z,. 3#1l—x+ 1, -y + 1, —z+ 1; #2
x+1,y,z#3x—1,y,zz4#1—x+1,-y+1 -z #2x, -y+1,z— 1U2;#3—x+1,y,—z+ 1/2;5#1 -y + 1, —z+ 1 — x+ 1; #2y, 2, X; #3 —x
+1,-y+1,-z+1,#4z %y, #5-z+ 1, —~x+ 1, -y+ 1L, #6—x+ 1, -y, —z+ 1

{[(Tp)Fe"" (CN)3].Mn " (DMF) 3}, 4. A solution of Mn(CIQy), Yield: 0.037 g, 41%. Anal. Calcd for ERINB,C3oH34N200,: C,
6H,0 (0.036 g, 0.1 mmol) in 5 mL of DMF was added to a solution 40.26; H, 3.83; N, 31.30. Found: C, 40.17; H, 3.91; N, 31.26. IR
of K[(Tp)Fe(CN)] (0.077 g, 0.2 mmol) in acetonitrile and methanol  (KBr): vgy 2545,vcy 2164, 2125 cmt.

(1:1 v/v, 20 mL). The resulting brown solution was stirred at room Nay[Mn"Fe' (CN)g], 5. In a H-tube, a solution of {Fe(CN)]
temperature for 2h and then filtered. Prism-shaped brown crystals (0.066 g, 0.2 mmol) in 40 mL of D was slowly diffused into a
of 4 were obtained by diffusing diethyl ether vapor into filtrate. mixed solution of Mn(ClQ),*6H,0(0.072 g, 0.2 mmol) and
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Scheme 1

- ﬁ? = [(bipy);Fe(CN);|

1
953,)7 = [(bipy)zMn(S))**

S

T
?P— = [HB(pz)sFe(CN)3]
247
|i;]-) 2

= [FB(CN)sl

S = slovent molecules

— = gyano-bridge | 1
T s [4 2!
Figure 1. Structure of molecular square d{pink, Mn; orange, Fe; gray,
s C; blue, N).

Tp

NaClO,-6H,O (0.046 g, 0.2 mmol) in 40 mL of water/2-propanol
(5:1) to get dark brown crystals &t Yield: 0.045 g, 72%. Anal.
Calcd for NaFeMnGNe: C, 23.03; N, 216-86- Found: C, 22.96; coordination sites of Fe(ll) and Mn(ll) are blocked by the
N, 26.97. IR (KBr):vcy 2149-2069 cn. bipy ligand. In 2, four coordination sites of Mn(ll) are
X-ray Crystallography. Single-crystal data of—5 were col- 00 hied by DMF and water molecules (Scheme 1), and
Ie_cted at 293(2). Kona Bruker Smart 1000 ceD dlffractor_neter these solvent molecules can be further substituted by other
with Mo Ka. radiation ¢ = 0.71073 A). All empirical absorption linkers. Indeed, the formation & and 4 can be roughly

corrections were applied with the SADABS progr&nThe . .
structures were solved using direct methods, which yielded the regarded as the substitution of coordinated DMF and water

positions of all non-hydrogen atoms. These were first refined Molecules with [(Tp)Fe(CN)~ (Scheme 1). Compounds
isotropically and then anisotropically. All the hydrogen atoms of and4 can be regarded as supramolecular isomers since they
the ligands were placed in calculated positions with fixed isotropic possess the same molecular building blocks and different
thermal parameters and included in the structure factor calculationssuperstructure.Slow diffusion of a solution of K[Fe(CN)]
in the final stage of full-matrix least-squares refinement. The into a solution of Mn(CIQ),:6H,0 and NaCIlQ-6H,0O led
hydrogen atoms of the water molecules were located from the to the formation of5, in which the Fe(lll) ions are also
difference Fourier map and refined isotropically. All calculations radquced to Fe(ll) ions during the reaction. Compouhdg
were E)Serformed using the SHELXTL system of computer pro- contain the basic [RCN):Mn;] square building units, while
gramst® The crystallographic data fdr—5 are summarized in Table compounds is a 3D cubic framework analogous to that of
1. The selected bond lengths and angleslfeb are listed in Table .
5 Prussian blue.

Structures of Discrete Molecular Squares of +3. In
Results and Discussion both 1 and 2, two [(bipy):F€'(CN);] units bridge two Mn-

The reactions of [(bipyFe(CN}|(CIOs) with [Mn- (1) through cyano bridges in the cis positions to form+2

(bipy)J?" and [Mn(DMF)(H,0)s_.J2* gave molecular squares 2]—type.d|screte .mollecular squares (F_lgures 1 and 2). The
' : 4 . remaining coordination sites of each six-coordinated Mn(ll)
of 1 and2, respectively, in which the Fe(lll) ions are reduced

. . . ion are occupied by two bipy moleculesirand three DMF
to Fe(ll_) ions during _the reactions, a common phenomenon molecules and one water molecule2inThe Fe(ll}-C(cyano)
found in the cyaneiron(lll) compoundsd Compoundl distances (1.911(6) and 1.912(6) A Inand 1.895(6) and
cannot react with other linkers further since all the remaining 1.902(6) A .in 2) are shdrter than the Fé(H)\l(bipy)

(12) Sheldrick, G. M.SADABS, Program for Empirical Absorption distances (1'969(5)2'019(5) A'in1 and 1'970(6}2'011'
Correction of Area Detector DatdJniversity of Gdtingen: Gitingen,

Figure 2. Structure of molecular square &f(red, oxygen).

Germany, 1996. (14) Hennigar, T. L.; MacQuarrie, D. C.; Losier, P.; Rogers, R. D.;
(13) Sheldrick, G. M. SHELXS 97Program for Crystal Structure Zaworotko, M. J.Angew. Chem., Int. Ed. Engl997, 36, 972. (b)
RefinementUniversity of Gdtingen, Gatingen, Germany, 1997. Moulton, B.; Zaworotko, M. JChem. Re. 2001, 101, 1629.
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Figure 4. 1D double zigzag chain of.

are further packed along tlaeaxis through the intermolecular
hydrophobic interactions of the Tp molecules to form a 3D
structure (Figure 3S).

1D Chain Structure of 4. In 4, each bidentate [(Tp)e
(CN)s]~ anion bridges two Mn(ll) ions to generate a neutral
cyanide-bridged double-zigzag-e(lll) —CN—Mn(Il) —NC—
chain (Figure 4). Within the chain, the basic building unit is
a Mm(CN)4Fe, square with each Mn(ll) shared by two
adjacent squares. Each Mn(ll) ion in the chain is coordinated
with two nitrogen atoms of two individual [(Tp)H&CN)s] -
units, two oxygen atoms of DMF molecules in the equatorial
plane, and two nitrogen atoms of two [(TpYHEN)s] ~ units
in the axial positions. The axial MrN distances (2.232(2)
A) are slightly longer than the equatorial M and Mn—0O
Figure 3. (a) Structure of molecular squaref(b) The [(HO)sNs] ring distances (2.186(2) and 2.198(2) A). Thé'FeMn' separa-
between two adjacent ién, molecules (yellow, B). tions are 5.109 and 5.183 A, respectively. The 1D chains

(5) Ain 2), and they are all shorter than the MN distances are held togther through intermolecular--sr interactions

(2.141(6)-2.310(5) A in1 and 2.189(6)-2.193(6) A in2). between the two adjacent pz rings (Figure S4), with the
The Fd---Mn" separations are 4.946 and 5.183 Aliand centroid--centroid distance and dihedral angle between each

5.090 and 5.112 A ir. pair of rings being 3.75 A and ’QOrespectively.

In 1, there are weak intermolecular-- interactions It's interesting to note that the solvent molecules coordi-
between two adjacent bipy molecules coordinated to Mn- nated to the Mn(ll) ions are DMF and water thand 3,
(1), resulting in a 1D chainlike structure (Figure S1) with a While only DMF molecules are coordinated to Mn(ll) 4n
centroid--centroid distance between the two bipy planes of Usually, the DMF molecule shows a stronger coordination
3.54 A. In 2, there are also weak intermoleculat-- ability to metal ions than the water molecule, so DMF
interactions between two adjacent bipy molecules coordinatedcoordination occurs prior to coordination with metal ions.
to Fe(ll) to generate a 2D sheet (Figure S2a) with the The presence of coordinated water molecule and3 is
centroid--centroid distance between the two bipy planes the prerequisite for the formation of intermolecular hydrogen
being 3.87 A. The 2D sheets are further connected throughbonds (see Figures S2b and 3b).
the intermolecular hydrogen bonds of M@H,:+-OH,:+- 3D Cubic Structure of 5. The structure o6 shows a 3D
MeOQOH:+-OH,---OH,—Mn to form 3D structures (Figure S2b) cubic framework (Figure 5) analogous to that of Prussian
with O(9)---O(13) and O(13}-0(14) distances of 2.415 and  blue. Each unit cell contains one-half of an\nFe(CN)]
3.018 A, respectively. molecule, so that the Mn and Fe atoms are not distinguishable

The structure o8 is a neutral FgMn, hexanuclear cluster and each atom occupies half of the position. The C and N
(Figure 3a), in which two [(Tp)P&(CN)s]~ anions act as  atoms of the bridging CN ions are disordered so that C and
bidentate ligands to bridge two Mn(ll) ions through cyano N are not distinguishable either, and each atom appears to
bridges in the cis positions to construct a molecular squarebe 0.5 C/0.5 N. Each [Fe(CH}~ connects to six Mn atoms
of [Fe&;Mn,(CN),]*. The remaining coordination sites of each through cyano bridges. Both Mn and Fe atoms locate in the
six-coordinated Mn(ll) ion are occupied by one monodentate cubic body center, and the Na atoms locate in the eight
[(Tp)FE"(CN)s]~ anion, two DMF molecules, and one water apexes and occupy the vacancy volume of the 3D cubic
molecule. The intramolecular He-Mn" separations of  framework. The shortest Fe-Fe' and Mr'---Mn" separa-
5.116-5.240 A are close to the fFe-Mn' separations i tions (10.529 A) in5 are slightly longer than the Ee-Fé'
and2. and Fé'---Fd" separations of 10.166 A in Prussian bluesFe

Each discrete R&In, molecule is linked to two adjacent [Fe(CN)]s*xH20). In 5, the basic building unit can also be
FesMn, molecules through the hydrogen-bonding interactions regarded as being a MICN),F& square, and the connections
of the novel [(HO)N;] rings to generate a 1D neutral of Mny(CN)4Fe, squares via sharing of their vertexes along
molecular strap (Figure 3b). The 1D hydrogen-bonded strapsthree dimensions give the 3D frameworkmofAlthough the
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Figure 5. 3D cubic framework ob (green, Na).

structure of Prussian blue, fEe(CN)]sxH,0, was deter- ® .
mined by powder X-ray diffraction analysis twenty years
ago®its single-crystal structure has not yet been determined
because of the difficulty in growing single crystals. The
composition of5 is almost identical to that of the reduced
product of Prussian blue, Everitt's salt of[Ke,)" F&'(CN)g],
and to the best of our knowledge, the structuréa$ the
most analogous to that of Prussian blue.

Magnetic Properties of 1-5. The magnetic properties of
1 and?2 are shown in Figure 6 in the form gf4T versusT 85 i
plots. Theues values at room temperature, 8.49 for 1
and 8.38ug for 2, are close to the spin-only value of 8.37 , ‘ , , , ‘
ug expected for two uncoupled Mn(ll) ionSE& 5/2,9 = 0 50 100 150 200 250 300
2.0). TheywT values, in the 30620 K temperature range, TIK
remain practically constant with decreasing temperature atrigure 6. Temperature dependence ghT vs T for (a) 1 and (b)2
9.01—9.05 cni mol~* K for 1 and 8.778.78 cn? mol~ K measured at 1 kOe. The solid lines are the best-fit curves.
for 2; then they increase rapidly to 10.04 €mol* K for
1 and 10.06 crimol ! K for 2 at 2.0 K. The plots of s
versusT (Figure S5) in the whole temperature range obey
the Curie-Weiss law with small positive Weiss constants
of ® = 0.15 K for 1 and 0.13 K for2. These observations
suggest very weak ferromagnetic interactions between the
two high-spin Mn(ll) ions through the bertNC—Fe—CN—
bridges. The field dependence of magnetization curves of
and2 (Figure S6) show a linear increase with applied field
in the low-field range and rapid saturation. The saturation
magnetizations\l, of 10.04ug for 1 and 9.96ug for 2, are
very close to the expected value of 4@, adding support
for the assumption that the two HS Mn(ll) ions Inand 2
are ferromagnetically coupled. The magnetic susceptibility

iz[\?&\g_}[f fitted using the following equation with = 5/2,9=2.0). TheyuT values decrease slowly with decreasing
' temperature to 9.11 chmol™ K at 58 K for 3 and 4.75

NG cm® mol™ K at 60 K for 4; then they decrease rapidly to
U 1.85 cni mol1 K at 2.0 K for3 and 0.50 crimol 1 K at
expf) + 5 exp(X) + 14 exp(&) + 30 exp(16) + 55 exp(1%) 1.9 K for 4. The plots of 1yy versusT in the 20-300 K

1+ 3expl) +5exp(3) + 7 exp(6) + 9 exp(1&) + 11 eXp(lﬁ)TIP temperature range obey the CurM/eiss law with negative

x4, Tlem’mol 'K
© N ]
[$,] o [4,]

©

., S alelatelatelaVaVara —

where the symbols have their usual meanidgis the
exchange coupling parameter, and TIP represents metallic
impurities. Least-squares fittings of all experimental points
lead tog = 2.01,J = 0.038 cm?, and TIP= 4.22 x 10
with a correlation coefficient of 0.99681 fdrandg = 1.99,
J=0.040 cm?, and TIP= 4.46 x 10~ with a correlation
coefficient of 0.99653 for2. The above similar magnetic
behaviors ofl and2 correspond to their similar structures.
The magnetic properties &and4 are shown in Figure
7. TheywT values at room temperature, 9.92%kKimol !
(8.91ug) per FaMn, unit for 3 and 5.37 criK mol* (6.55
us) per FeMn unit for 4, are very close to the expected
values of 9.06g for 3 and 6.4Quz for 4, for the uncoupled
LS Fe(lll) ions &= 1/2,g =2.0) and HS Mn(ll) ions$ =

. (15) Buser, H. J.; Schwarzenbach, D.; Petter, W.; Ludijndrg. Chem.
with 1977, 16, 2704. (b) Herren, F.; Fischer, P.; Ludi, A.”lgaW. Inorg.
Chem.198Q 19, 956.
x = 2J/KT (16) Kahn, OMolecular MagnetismVCH Press: New York, 1993; p 114.
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Figure 7. Temperature dependence gfT (O) and 1gm (O) for (a) 3 TIK

and (b)4 measured at 1 kOe. Figure 8. Temperature dependence of (a)gcat different applied fields

. and (b) the in-phasg’ at different frequencies fot.
Weiss constants d® = —6.53 K for3and® = —15.8 K

for 4. These observations suggest weak antiferromagnetic 1 = ; .
(AF) interactions between the Fe(lll) and Mn(ll) ions through 2.0 :
the cyan bridges, and the smaller Weiss constant3for
suggests that the AF coupling s weaker than that id. / .
A metamagnetic-like behavior is observed from the 15
temperature dependence of the dc and ac susceptibility's ]
measurements, as shown in Figure 8a and b, respectively.< TN B ®oe " :
At lower dc fields, theym versusT plots display peaks at S 1:01 . i
5.0 (0.05 and 5 kOe) and 4.5 K (10 kOe), which disappear ] " 5l
at a higher dc field (15 kOe). At zero dc field and 3 Oe . 3|
alternating current (ac) field, the in-phaseybfersusrT plots 05 S R S
at 277, 666, 1633, and 4111 Hz also display maximums at 4 = *
5.2 K. While the out of phase ¢f' values are close to zero. 00_" HIkOe
This clearly demonstrates that compouhtias an antifer- "o 10 20 y T o so
romagnetic state below a"RetemperatureTy) of 5.2 K, , , o _
based on the positions of the peaks. The metamagnetic—likez'rg“tfegbl Ofs'e(')"‘vldSgi'”‘;ﬁ’;cgw‘;g}hssma%{r‘g'égﬁg'ﬁr‘it izs:%ﬁiag‘fe nsets
behavior is also confirmed by the field dependence of the
magnetization measurement at 1.9 K (Figure 9 and the insetmagnetic properties af can be rationalized on the basis of
of Figure 9). The magnetization curve displays an explicit its structure. As shown in Scheme 2, the AF couplings
sigmoidal shape, with a critical field{., of 10.5 kOe from between the Fe(lll) and Mn(ll) ions through the cyano
the peak position of theM/dT versusH curve (the inset of bridges within the chain lead to a ferrimagnetic chain. At
Figure 9). The magnetization value of 242 at 50 kOe is lower fields, the AF interactions between the adjacent chains

.
MNgmor!

a

less than the expected value o3 (Sr = 5/2 — 1 = 3/2 result in an AF ground state, which becomes a ferrimagnetic
for the FeMn unit), indicating an incomplete saturation at or spin-polarized state at higher fieltfs.
50 kOe. It's interesting to note that compouddshows The magnetic properties &fare shown in Figure 10. The

metamagnetic-like behavior, while compouhdoes not. The T value at room temperature, 4.62 tkimol* (6.08uz)
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Figure 10. Temperature dependence gfiT (O) and 1fm (O) for 5
measured at 1 kOe.

Scheme 2
loslenl Ll
\Fe/ \Fe/ Mn\+/Mn\ /Mn
+ metamagnetic Fe Fe
ie Ff behavior T . . T
Mn/ \Mn/ e\Mn Mn/ \Mn/ \Mn
lower fields higher fields

per MnFe unit, is close to the expected value of 5«82or

one HS Mn(ll) ions §= 5/2,g = 2.0). Similar to that for
compoundl, theymT value remains constant with decreasing
temperature until 40 K; then it increases sharply to a
maximum value of 8.65 cfmol™* K (8.32ug) at 11 K, and
then it decreases below this temperature. The plot jpf 1/
versusT in the 40-320 K temperature range obeys the
Curie—Weiss law with a positive Weiss constant ©f =

1.2 K. The abrupt increase j T around 11 K suggests the
onset of 3D magnetic ordering. Susceptibility measurements
of the ac type confirm the ferromagnetic ordering below 3.5
K (Figure 11) and reveal no significant frequency depen-
dence. The onset of 3D magnetic ordering can be attributed
to the nature of the ferromagnetic interaction of two Mn(Il)
ions in the basic building unit of [RECN)sMny]. According

to Neel's molecular field theory, for Prussian blue analogues
M'[M(CN)g]y, the relationship between the critical temper-
ature,T., and the magnetic exchange integdals expressed
as®

2kT, ~ 13(y) ¥y (ny + 2y (nyye + 2)17

whereny andny are the number of unpaired electrons in
the metal ions M and MWith a T, value of 3.5 K for5, the

|J] value is estimated to be 0.035 chwhich is close to
the J values of 0.038 and 0.040 cimfor 1 and 2,
respectively.

(17) Zhang, Y. Z.; Gao, S.; Sun, H. L.; Su, G.; Wang, Z. M.; Zhang, S.
W. Chem. Comm2004 1906. (b) Zhang, Y. Z.; Gao, S.; Wang, Z.
M.; Su, G.; Sun, H. L.; Pan, Anorg. Chem 2005 44, 4534.
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Figure 11. Temperature dependence of the in-phgisend out-of-phase
%" (inset) at different frequencies féx

HikOe

Figure 12. Hysteresis loop for5 at 2 K. The inset shows the field
dependence of the magnetization at 2.0 K.

The field dependence of magnetizatidree& (Figure 12,
inset) shows a gradual increase with a value ofig.4t 70
kOe, which is slightly less than the expected value of 5.0
us. Hysteresis loops have been observed K (Figure 12)
with a remnant magnetization of 503 &i®e mol?! and a
coercive field,H., of 330 G.

In summary, five cyano-bridged FéMn complexes, three
discrete molecular squares, one 1D double-zigzag chain, and
one 3D cubic framework analogous to that of Prussian blue,
were successfully synthesized. Compourids2, and 5
possess similar [Fg(CN),Mn'";] square building units, and
the adjacent Mn(ll) ions are ferromagnetically coupled
through the-NC—Fe(ll)—CN— bridges. Compound shows
a discrete FaMn, square with weak antiferromagnetic
coupling between the Fe(lll) and Mn(ll) ions. Compouhd
contains the basic building unit of the'=¢CN),Mn" square,
which shows a metamagnetic-like behavior with = 5.2
K andH. = 10.5 kOe.

(18) Ferlay, S.; Mallah, T,; OuakeR.; Veillet, P.; Verdaguer, Mnorg.
Chem.1999 38, 229.
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