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Four new one-dimensional (1D) zigzag chain cyanide-bridged complexes [cis-
M"(L),(CN),Fe" (salen)](PFs) (M = Fe, L = bpy, 3; M = Fe, L= phen, 4; M = Ru, L = bpy, 5; M=0s, L
= bpy, 6) (bpy = 2, 2’-bipyridine, phen = 1, 10-phenanthroline, salen = N, N’-

ethylenebis(salicylideneaminato) dianion) have been synthesized and characterized structurally as well as
magnetically, especially 3 and 4 are mixed-valence complexes. Fortunately, the crystals of complexes 3, 4
and 6 suitable for single-crystal X-ray diffraction analysis were obtained. Also, the electronic absorption

spectra indicate the existence of the MMCT (metal-to-metal charge transfer) bands in complexes 3-6.

Temperature dependent magnetic susceptibilities reveals that the Fe(III)-Fe(III) exchange coupling

separated by diamagnetic cyanidometal -NC-M(II)-CN- bridge is weak ferromagnetic for 3-5, but weak

anti-ferromagnetic for 6. What’more, the specific heat measurements suggest complexes 3-5 exhibit a

phase transition at 2.8 K, 2.7 K and 2.6 K, respectively.

Introduction

Mixed-valence (MV) compounds have attracted considerable
attention for more than 40 years, this mainly stems from their
interesting MMCT' and magnetic properties.” > A great variety
of MV complexes have been prepared, and are playing an
important role in areas including multi-electron
donor/acceptor systems,® magnetic properties,” photo-induced
electron transfer,® and for understanding electronic delocalization
between metal centers from a fundamental standpoint.” ®
Especially, one-dimensional (1D) chain MV metal complexes
have fascinated physicists and chemists in the context of
molecular electronics owing to their potential application as
“molecular wires”.” In the MV chemistry, the investigation on
cyanide-bridged MV compounds has grown to be a major-
research effort. Prussian blue, Fe",[Fe'(CN)];, represents the
oldest examples'® and exhibits MMCT band'' at 14100 cm™ and
weak ferromagnetic coupling'?>. However, 1D cyanide bridged
MV complexes are scarcely investigated'” because of the
difficulty in preparing such complexes and especially in obtaining
suitable crystals for molecular structure analysis.

Most recently, we have focused on the investigation of MMCT
and/or magnetic properties of cyanide bridged MV compounds.'*
'3 In this work, four 1D zigzag chain cyanide-bridged complexes,
[cis-M"(L),(CN),Fe™(salen)](PF) ( M = Fe, L = bpy, 3; M = Fe,
L= phen, 4; M = Ru, L = bpy, 5; M = Os, L = bpy, 6), were
synthesized by reaction of diamagnetic precursors M"(L),(CN),
with Fe"(salen)” in the presence of NH,PF,. Herein, the
syntheses, crystal structures, IR, MS, elemental analysis,

electronic absorption spectroscopy and magnetic properties of
these complexes will be described in detail.

Experimental Methods
so Physical measurements

Elemental analyses (C, H, N) were performed at a Vario MICRO
elemental analyzer. Mass spectra (MS) were collected on
DECAX-30000 LCQ Deca XP Ion Trap mass spectrometer
using DMF (N, N-dimethylformamide) as the mobile phase.

55 Infrared (IR) spectra were obtained from KBr pellets with a
Perkin-Elmer Spectrum One FT-IR spectrophotometer.
Electronic absorption spectra were measured on a Perkin-
Elmer Lambda 900 UV-vis-NIR spectrophotometer in a
quartz cell (1 cm). '"H NMR spectra were recorded on a

60 RUKER BIOSPIN AVANCE III 400 MHz spectrometer in
appropriate solvents at ambient temperature. Solution was
contained in standard 5 mm sample tubes. Chemical shifts are
reported in & (ppm), relative to internal TMS for '"H NMR
spectra. Temperature dependence magnetic susceptibilities

65 were carried out using a Quantum Design Magnetic Property
Measurement System (MPMS) SQUID-XL. Specific heat
measurements were conducted on a Physical Property
Measurement System (PPMS) PPMS-9T. Diamagnetic
corrections of complexes 3-6 were estimated from Pascal’s

70 Tables. The diamagnetic susceptibilities are -505.1x10° cm®
mol ! K for 3, -551.1x10% cm® mol™! K for 4, -520.1x10 cm?
mol™ K for 5 and -536.1x10° cm® mol™' K for 6, respectively.
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Materials and syntheses

All manipulations were performed under argon atmosphere with
the use of standard Schlenk techniques unless otherwise
depicted. Acetonitrile was dried by distillation over calcium

5 hydride under argon atmosphere. Methanol was dried by
distillation over magnesium. DMF was dried by distillation
over MgSOy. cis-Fe"(bpy),(CN),-3H,0'® 7 (1), cis-
Fe"(phen),(CN),-2H,0'" 7, cis-Ru"(bpy),(CN),-2H,0',
cis-Os"(bpy),Cl," and [Fe™(salen)](NO3)*® were prepared

10 according to the literature procedures. All other reagents were
available commercially and used without further purification.

cis-0s"(bpy),(CN),-7TH,0, 2

This complex was prepared according to a modified method

based on the previous report.?"" #* 20 equivalents of KCN

15 (2275 mg, 35.0 mmol) was added to a solution of cis-

0s"(bpy),Cl, (1000 mg, 1.74 mmol ) in water (100 ml), and

then the mixture was refluxed for additional 8 h, during

which time the solution gradually changed from red-brown to

black-brown and some brown precipitate appeared. After

2 cooled to room temperature, the brown precipitate was

collected by filtration and washed with water, 2-propanol and

ethyl ether, respectively. After drying in air, the desired

brown product (696 mg, 59%) was obtained. Brown crystals

of 2 suitable for X-ray diffraction were obtained by

25 evaporation of the methanol solution of 2 in air. '"H NMR

(CD;0D, d/ppm) 9.68 (d, J= 5.6, 2H), 8.41 (dd, J=24.4, 8.4

Hz, 4H), 7.85 (dt, J= 7.8 Hz,1.2Hz, 2H), 7.75 (dt, J= 8.0Hz,

1.2Hz, 2H), 7.46 (dt, J= 6.1 Hz, 1.2Hz, 4H), 7.15 (dt, /= 6.6

Hz,1.2Hz, 2H). Anal. Calcd for OsC,,H;¢Ng7H,O: C, 38.82,

30 H, 4.44; N, 12.35%. Found: C, 38.82; H, 4.36; N, 12.27%. IR

(KBr pellet, cm™"): 2057 (CN), 2040(CN). UV-vis (CH;CN),

Jmax, 1M (g, dm® mol ecm™): 336 (11870), 372 (11569), 445
(10667), 496 (13074), 650 (3370). MS, m/z: 555.1[2+H]".

[cis-Fe" (bpy),(CN),Fe(salen)] (PF)-DMF-CH;CN-H,0,
35 3-DMF-H,0-CH;CN

A solution of cis-Fe"(bpy),(CN),-3H,0 (100 mg, 0.211 mmol) in
methanol (25ml) was mixed with 1.1 equiv of
[Fe(salen)](NO;) (89.0 mg, 0.232 mmol) at room
temperature. The reaction mixture was heated to 60 °C and

40 stirred under argon atmosphere for 6 h, resulting in a purple
solution. Solid NH,PFs (37.8 mg, 0.232mmol) was then
added to the above reaction solution. A red-purple precipitate
appeared immediately and was collected (144 mg, 67%).
Deep purple crystals of 3 suitable for X-ray diffraction were

a5 obtained by a mixed solution of DMF (5 ml), CH;CN (5 ml)
and diethyl-ether (30 ml). Anal. Calcd
Fe,C3sH30NgO,PF¢- DMF-H,0: C, 50.33, H, 4.02; N, 12.88%.
Found: C, 50.27; H, 4.00; N, 12.39%. IR (KBr pellet, em’):
2085 (CN), 2067 (CN). UV-vis (CH;CN), Apay nm (g, dm®

50 mol cm™): 356 (12900), 528 (6570), 609 (3434). MS, m/z:
742.0 [2-PF4]".

[cis-Fe" (phen),(CN),Fe™(salen)] (PF4)-2DMF-H,0,

4.2DMF-H,0

Compound 4 was prepared by using the same procedure as for
55 compound 3, except for the addition of cis-
Fe"(phen),(CN),-2H,0 (106 mg, 0.211 mmol) instead of cis-

Fe"(bpy)»(CN),-3H,0.  Yield red-purple solids (132 mg,
57%). Anal. Calcd for Fe,C4,H30NgO,PFg4: C, 53.93; H, 3.23;
N, 11.98%. Found: C, 53.54; H, 3.69; N, 12.53%. IR (KBr

w  pellet, cm™): 2102(CN), 2087 (CN). UV-vis (CH;CN), Amax,
nm (g, dm® mol ecm™): 372 (14952), 512 (6825), 595 (3584).
MS, m/z: 790.9[4-PF¢]".

[cis-RuH(bpy)z(CN)ZFem(salen)](PF 6)s S

Compound 5 was prepared by using the same procedure as for
65 compound 3, except for the addition of cis-
Ru"(bpy)»(CN),-2H,0 (106 mg, 0.211 mmol) instead of cis-
Fe"(bpy)»(CN),-3H,0. Yield brown solids (122 mg, 62%).
Anal. Calcd for RuFeC3;3H;0NgO,PFy: C, 48.94; H, 3.24; N,
12.02%. Found: C, 48.25; H, 3.44; N, 11.91%. IR (KBr
70 pellet, cm '): 2084(CN), 2053(CN). UV-vis (CH;CN), Amass
nm (g, dm® mol cm™): 328(16210), 461(10244), 495(8856).

MS, m/z: 788.1[5-PF4]".

[cis-Os" (bpy)»(CN),Fe'(salen)] (PF), 6

Compound 6 was prepared by using the same procedure as for
7s compound 3, except for the addition of cis-
0s"(bpy)»(CN),-7H,0 (144 mg, 0.211 mmol) instead of cis-
Fe"(bpy)»(CN),-3H,0. Yield brown-black solids (121mg,
56%). Anal. Calcd for OsFeCsgH3gNgO,PF4: C, 44.67; H,
2.96; N, 10.97%. Found: C, 44.39; H, 3.10; N, 11.02%. IR
80 (KBr pellet, cm™): 2068 (CN), 2028 (CN). UV-vis (CH;CN),
Jmae DM (g, dm® mol cm™): 333(17170), 472(11205),
514(10545), 617(3613), 712(1977). MS, m/z: 878.1[6-PF]".

X-Ray structure determination

The single crystal data for complexes 3, 4 and 6 were collected
85 on Saturn724+ CCD diffractometer equipped with graphite-
monochromatic Mo K, (A = 0.71073 A) radiation by using an
w-scan model technique at 123 K. In order to compare the
change of related bond lengths, the single crystal data for
complexes 1 and 2 were collected under the same condition.

9 All the structures were solved by the direct method using
SHELXS-97* and refined by full-matrix least-squares
techniques on F* with SHELXL-97. Anisotropic thermal
parameters were used for the non-hydrogen atoms, and
isotropic thermal parameters were used for the hydrogen

95 atoms. Hydrogen atoms were calculated geometrically and
refined using a riding model to the attached atoms.
Crystallographic data and structural refinement details for
complexes 1-4 and 6 are summarized in Table 1, and selected
bond distances and bond angles are provided in Table 2.

100 CCDC-1015599 (1), CCDC-1015600 (2), CCDC-1015601 (3),
CCDC-1015602 (4), CCDC-1015603 (6) contain the
supplementary crystallographic data, related bond lengths and
angles for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via

105 www.ccdc.cam.ac.uk/data_request/cif.

Results and Discussion

Synthesis

Complex 2 was prepared according to the literature procedure in
a straightforward way by refluxing of cis-Os"(bpy),Cl, and
110 extremely excess KCN (20 equiv.) in water for 8 h.

2 | Journal Name, [year], [vol], 00—-00
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Evaporating of the CH;OH solution of 2 led to brown
crystals, which were characterized by IR, electronic
absorption spectra, elemental analysis, 'HNMR, MS and
single-crystal X-ray diffraction analysis. The crystals suitable
for single-crystal X-ray diffraction analysis of cis-
Fe"(bpy)»(CN), (1) were obtained in the same way as
complex 2.

Reaction of cis-M"(L),(CN), (M = Fe, Ru, Os; L = bpy, phen)

with equivalent molar of [Fe™(salen)](NO;), respectively, in

the presence of NH,PF¢ afforded a series of 1D zigzag chain
complexes [cis-M"(L),(CN),Fe"(salen)](PFs) (M = Fe, L =
bpy, 3; M=Fe, L =phen, 4, M =Ru, L=bpy, 5; M=0s,L =
bpy, 6). Fortunately, red-purple to blown-black crystals of
complexes 3, 4 and 6 suitable for single-crystal X-ray
diffraction analysis were obtained. All complexes 3-6 were
characterized by IR, MS, elemental analysis and electronic
absorption spectroscopy. The M ion peak in the mass spectra
and the matching elemental analysis confirmed compounds 3-
6.

20 Description of the crystal structures of 1-6
Both complexes 1 and 2 are simple zero dimensional

25

30

mononuclear molecular square and crystallizes in monoclinic
space group P2,/n, C2/c, respectively (Figure 1). 1 contains
two uncoordinated water solvent molecules, complex 2
contains seven uncoordinated water solvent molecules. As
shown in Figure 1, both compounds 1 and 2 adopt a distorted
[MC,Ny4] octahedral coordination, in which four coordination
sites around the metal centers are occupied by four nitrogen
atoms from two bpy ligands and the other two sites are
occupied by two carbon atoms from the cyanide bridges in an
cis-position.

Complexes 3, 4, 6 are all 1D zigzag chain compounds.

35

40

45

50

55

Compounds 3 and 4 crystallize in monoclinic space group
P2,/n, and compound 6 crystallizes in monoclinic space
group C2/c. Complex 3 contains one DMF, one CH3CN and
one H,O solvent molecules, and complex 4 contains two
DMF and one H,O solvent molecules, while complex 6
contains no solvent molecule. Complexes 3, 4 and 6 possess
ID chain cationic structures composed of repeated [-NC-
M"(L)»(1~CN)Fe"'(salen)-] unit with one positive charge
balanced by one PF¢ anion. Because the crystal structures of
complexes 3, 4 and 6 are similar, here only the structure of
complexes 3 is described in detail. As shown in Figure 2, the
repeat unit of complex 3 consists of Fe"(bpy),(CN), and
[Fe™(salen)]” fragments. Every two [Fe™(salen)]" fragments
are bridged by Fe(bpy),(CN), in an cis- conformation, and
every two M"(bpy),(CN), fragments are bridged by
[Fe"(salen)]” in a zrans-conformation, resulting in a 1D [-
NC-M"-CN-Fe""-], chain. Unlike the bond angles of Fe-C=N
(177.4(5)° and 177.1(5)°) are nearly linear, the bond angles of
Fe-N=C(CN) (159.6(5)° and 168.6(4)°) are deviated
significantly from linearity. The selected bond distances and
bond angels are listed in Table 2. The bond distances of M"-
C(CN) in 3 (1.867(6)-1.889(6) A) are shorter than that of 6
(1.967(9)-1.977(7) A). The bond distances of M"-N(bpy)
increase from 1.965 (5)-1.996(5) A in 3 and 1.970(3)-2.002(3)
A in 4 to 2.064(8)-2.123(7) A in 6. Also, the M"--Fe™
distance in 3 (av. 5.079A) and 4 (av. 5.139A) are shorter that

in 6 (av. 5.207A). These behaviors can be contributed to the
60 larger metal radii of Os" than that of Fe'.

Similar to other salen-based complexes,”® the packing of
bimetallic chains is often dominated by aromatic 77 stacking
interactions. For compounds 3-6 the chains are running along
the b direction, and the chains form layers parallel to the bc

65 plane. (Figures S1-S3 in Supporting Information). Moreover,
the shortest distances between two neighboring chains are
4.03 A (3),3.86 A (4) and 3.97 A (6), which were longer than
the common stacking distance of about 3.4 to 3.6 A%
suggesting the interactions between the adjacent chains can

70 be neglected in complexes 3-6. The intrachain shortest Fe
--Fe' separated by -NC-M"-CN- are 6.830 (3), 6.897 (4) and
6.680 A (6).The nearest Fe''-Fe'! distances between the
adjacent chains are 11.5 (3), 122 (4) and 11.7 A (6),
indicating the interchain interaction between the Fe™" ions can

7s be ignored.

IR spectroscopy

The cyanide stretching frequencies data for 3-6 and related
precursors are listed in Table 3. For cyanide-bridged
complexes the vcy stretching vibrations are very

80 representative. Three factors are considered to affect the
cyanide stretching frequency for the fromation of cyanide-
bridged complex: (i) kinematic coupling; (ii) back-bonding
from the N-bonded metal; iii) back-bonding from the C-
bonded metal.’’” Herein there are two vey IR bands for

85 complexes 3-6 and related cyanide precursors., which are the
combination of symmetric and asymmetric stretching
frequencies in cis- complexes. It can be found that the vy of
the cyanide-bridged complexes (3-6) are higher than that of
related cyanide precursors. This could be attributed to the

90 former two factors in dominant, that is both kinematical
coupling occurring when a second metal is attached to the CN
unit and the fact that the cyanide N donated electron density
from an anti-bonding molecular orbital to the Fe(IIl) centre,
thereby increasing the CN force constant.

os From the vy stretching vibrations of the corresponding Fe, Ru
and Os complexes it can be found that the following two
trends are obvious: the separation between the two vy
increases and both the two vey bands move to low
frequencies in the series of Fe < Ru < Os. This is due to the

100 increase of the d(M)-n*(CN) back-bonding interaction in the
order of Fe < Ru < 0s.**? These results are consistent with
the detail study of mononuclear complexes reported by 4. 4.
Schilt **.

Electronic absorption spectroscopy and MMCT

10s The electronic absorption spectra of complexes 3-6 and their
precursors were measured in the CH;CN solution at room
temperature and shown in Figures 4-7 and S4-S7, and the
data for the related complexes are listed in Table 3. The
electronic absorption spectra of the related precursors cis-
o Fe"(bpy),(CN),-3H,0'% 212230 g Fel(phen),(CN),-2H,0,'*

30 cis-Ru'(bpy),(CN),-2H,0, 2 2 and  cis-
0s"(bpy),(CN),-7H,0 *"" 22 have been investigated by other
chemists. The bands near 581nm in  cis-

Fe"(bpy),(CN),-3H,0, 580 nm in cis-Fe"(phen),(CN),-2H,0,
483 nm in cis-Ru"(bpy),(CN),-2H,0 and 496 nm in cis-
0s"(bpy)o(CN),-7TH,O  were assigned to t,(M™)—m*(L)

1

O

This journal is © The Royal Society of Chemistry [year]
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MLCT (metal-to-ligand charge transfer) band.”> And the band
in 650 nm of Os"(bpy),(CN),-7H,O should be attributed to
the *MLCT?' due to the low symmetry splitting of the metal
level and the stronger spin-orbit coupling in Os" than in Ru"
s and Fe' 3233
After forming the cyanide bridged Fe"-CN-Fe complex, the
maximum absorption band moves from 581 nm of
Fe"(bpy),(CN), to 528 nm of complex 3. This shift of the
MLCT may be due to the stabilization of the d(Fe) orbitals by
10 the presence of an electron acceptor (Fe(III)) upon forming
Fe"-CN-Fe. Such blue shifted behavior was also observed
in complexes 4-6, also this has been studied intensively by
others.** The *MLCT band is also blue-shifted from 650 nm
in 0s"(bpy)»(CN),-7H,0 to 617 nm in 6. The maximum
15 absorption wavelength of MLCT for complexes 3-6 increases
in the order: Ru (461 and 495 nm in 5) < Os (472 and 514 nm
in 6) < Fe (528 nm in 3). The similar phenomenon has also
been reported and investigated.”> ** This could be explained
by metal-ligand interactions and spin-orbit coupling.™
20 Besides, it can be found a new band in the electronic absorption
spectra of 3 (609 nm), 4 (595 nm), and 6 (712 nm), which
could be assigned to M (M = Fe or Os) to Fe electron
transfer (MMCT). From the absorption band shape of 500-
750 nm of § and its precursors, it can be speculated that there
25 should exit a MMCT band in 5 but may be overlapped by the
MCLT band at 500 nm region. Similar to the Prussian blue,
Fe'l,[Fe(CN)4]5, the MMCT of 3-6 should results from the
tp, orbital of low-spin M" ion to tye orbital of high-spin Fe'
ion through the bridging cyanide ligand."" The MMCT bands
30 in complexes 3, 4 and 6 are analogous to those electron
transfer from the low-spin Fe" ion to the high-spin Fe'" of
other systems™ "' For 3 and 4, the MMCT occurs in the same
metal atoms and the intensity of MMCT band is strongest.
Based on the above MMCT band shape’ and the related Fe"'-N
35 bond distances, the mixed valence complexes 3 and 4 are
assigned to partial delocalization and should belong to the
Class II mixed valence complexes, according to the
classification of Robin and Day.*®
Magnetic properties
40 The variable-temperature magnetic susceptibilities of solid
samples of 3 and 4 were collected under an external magnetic
field of 1000 Oe using a SQUID magnetometer range 2-300
K in Figures 8-9. The yy7 values at 300 K are 4.83 cm® K
mol™ for 3 and 4.81 cm® K mol" for 4, which are slightly
a5 higher than the expected theoretical values of 4.375 cm® K
mol™ for one uncoupled high-spin (HS) Fe(III)*’ (Srequn =
5/2) and one diamagnetic low-spin (LS) Fe(II) ions (Sgean =
0) assuming g = 2.0 due to a significant orbital contribution
from Fe(Ill) ions.*® As the temperature is lowed, the yuT
50 values keep nearly a constant value until about 22 K for 3 and
about 32 K for 4, and then start to decrease smoothly,
reaching a minimum value of 4.75 cm® K mol™ for 3 and 4.43
cm’ K mol™! for 4 at about 9 K. Below 9 K, the amT values
rapidly increased with further decreasing temperature to 6.86
55 em® K mol™ for 3 and 4.99 cm® K mol™ for 4 at 2 K, probably
suggesting a phase transition.”> The magnetic data of both 3
and 4 between 10 K to 300 K obey the Curie-Weiss law, yy=
C/(T-), affording = 0.75 K, C=4.76 cm® K mol™' for 3 and

0=10.19 K, C =481 cm® K mol” for 4. The positive &
6 values, together with the shape of the curves of y\-7 and

amI-T, indicate the presence of weak ferromagnetic coupling

between the Fe(Ill) ions through the diamagnetic

cyanidometal -NC-Fe(II)-CN- bridge in 3 and is stronger than

that in 4. This suggests phen is a stronger m-acceptor
65 compared to bpy.

On the basis of the molecular structure, the magnetic
susceptibility for complex 3 is fitted by the following
equation with Hamiltonian: H = -2J £ S;-S,. To evaluate the
strength of Fe(IIl)-Fe(III) magnetic coupling (J) separated by

70 the diamagnetic cyanidometal -NC-M(II)-CN- bridge, yv =
NG FPI(kT) x (A+Bx?) /(1+Cx+Dx*),* with x = |JJ/kT, where
all the symbols have their usual meaning. For the HS Fe(III)
ion (S = 5/2), the value of 4, B, C, D are 2.9167, 208.04,
15.543, 2707.2, respectively.** The best fit values obtained by

7s the above equation are J = 0.029 cm”, g = 2.09 and R =
(Z(anlcd T- Zobsdnz)/z(lobsdnz = 8-7X10-3 for complex 3. As
the fitting for 4 is not well, the result of 4 has not been
showed here.

In order to further characterize the low-temperature magnetic

80 behaviors of 3 and 4, the specific heat of powder pellet
samples 3 and 4 were measured with a zero-field by a
relaxation method in the temperature range of 2-50 K. The
plots of Cp™' vs. T are given in Figure 10. The curves of Cp'-
T show a peak at 2.8 K for 3 and 2.7 K for 4, respectively,

85 which corresponds to a phase transition at low temperature of
3 and 4. This phase transition could also explain the sudden
decreasing of yu7 value of complex 3 and 4 at low

temperature.
The variable-temperature magnetic susceptibilities of solid
9 samples 5 and 6 were collected under an external magnetic

field of 1000 Oe using a SQUID magnetometer range 2-300
K in Figures 11-12. The T values at 300 K are 4.66 cm® K
mol™ for 5 and 4.35 cm® K mol™! for 6, which are close to the
spin-only coupled values of 4.375 cm® K mol" for one

95 isolated HS Fe(Ill) (Speqny = 5/2) and one isolated
diamagnetic LS M(II) (Syqr = 0) ions on the basic of g = 2.0.
Upon cooling, the y7 value decreased smoothly and linearly
until 30 K for 5 and until 14 K for 6, then sharply increased to
5.22 em® K mol™! for 5 at 2 K, and decreased to 3.84 cm® K

100 mol™! for 6 at 2 K. The magnetic behavior of the linear
decrease of y\7T values with decreasing temperature indicate
an extra temperature-independent paramagnetic (TIP)
contribution of 5 and 6 owing to the spin-orbit coupling of
paramagnetic HS Fe(III).*' Also the specific heat of powder

105 pellet sample 5 was measured with a zero-field by a
relaxation method in the temperature range of 2-50 K. The
plots of Cp™' vs. T are given in Figure 13. The curves of Cp'-
T show a peak at 2.6 K for 5, which corresponds to a phase
transition at low temperature of 5.

1o To evaluate the Curie-Weiss constants of complexes 5 and 6, a
TIP (Ne) should be added to the Curie-Weiss law. By using
the equation, y= C/(T-6)y+ Ne, the related parameters were
obtained as follows: C = 4.25 cm® K mol’!, = 0.37 K, N =
1.59x107 cm® mol™ for 5 and C = 4.02 cm® K mol'l, 0=-

ns 0.088 K, Nao = 1.60x10° cm’ mol” for 6. The Weiss
constants, together with the magnetic behaviors, indicate a

4 | Journal Name, [year], [vol], 00—00
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weak ferromagnetic coupling for complex 5, and a weak anti- T (K) 123 123
ferromagnetic coupling for complex 6. An acceptable model Crystal o o
for the temperature dependent magnetic susceptibilities of 5 system monoclinic monoclinic
and 6 are simil?r to that of 3, but a TIP should be added to the Space group P2,/n e
5 abc;ve equation , for com};lex 5 and 6, yq = a (A 9.257(8) 26.832(3)
N*F/(kT)x(A+Bx»)/(1+Cx+Dx*y+Na. The best-fit b (A) 16.127(13) 14.7225(10)
parameters obtained are J = 0.020 cm™, g = 1.98, R = 3.5x10" . .
*and Nor =1.18x107cm’® mol™ for complex 5 and J = -0.009 c(A) 13.836(11) 14.7702(12)
cm™ g=193, R= 2.1x10* and Nar = 9.0x10* cm® mol ! for Z)Egeg; 9492(;'2(01 5 11203'22(5)
0 complex 6. g . :
It has been reported that the magnetic properties of M1-L-M2 7 (deg) 90.00 90.00
depends on the angle of MI1-L-M2.** For the magnetic V(A% 2060(3) 5395.9(8)
superexchange between paramagnetic Fe(Ill) ions mediated Z 4 8
by the Fe-N=C-M"-C=N-Fe"" pathway involving the Deated (g/cm’) 1.458 1.641
is diamagnetic LS-M(II) centers, the magnetic coupling 2 (Mo K, A) 0.71073 0.71073
between paramagnetic Fe(IIl) ions are related to the shape of 1 (Mo K.,
the Fe"'-N=C-M"-C=N-Fe"" bridge."> For complexes 3, 4 and mm ") 0.764 4.775
(61, thed magEetic };rop;:rcti;:sMolf CF2 e ll;Nll T\ICI 1-2/111-15125212-15[ e12 Completeness 99.1% 95.1%
epend on the angle o -M1-C2, Fel-N1=Cl1, =C1-M1,
20 M1-C2=N2 and C2=N2-Fe2. It was found that the angles of F(000) —llziziIZ —342<5h7<634
C1-M1-C2, N1=C1-M1 and MI1-C2=N2 are very close in DN DN
complexes 3, 4 and 6, and the angles of Fel-N1=C1 and h, k, I, range ~204<20, -19<k<19,
C2=N2-Fe2 decrease in the order of 3>4>6. The bending of ~17<I£17 ~18</<19
Fel-N1=C1 and C2=N2-Fe2 should result in the different ¢ range(deg) 2.53-27.54 2.72-27.48
2 magnetic behavior of complex 6. Reflections 4698 5880
measured
Conclusions Rin 0.0827 0.0543
In summary, a series of new 1D zigzag chain cyanide-bridged i:sr/gif(fg a; 270/0/2925 325/18/5617
complexes 3-6 were synthesized by reaction of diamagnetic GOF 0917 1058
cyanide precursors cis-M"(L),(CN), with [Fe(salen)]” in the R R I~ 0.0650 0.0552
30 presence of NH,PFs. What’s more, complexes 3 and 4 are mixed- I’ZZ)_ (;)g 0' 163 9’ 0' 16 42’
valence complexes. Complexes 3-6 were confirmed by MS, IR, - -
elemental analysis, electronic absorption spectra and magnetic Ry, oR, (all 0.0863, 0.0569,
measurements. The electronic absorption spectra exhibits the data) 0.1779 0.1664
presence of the M"—Fe™ MMCT band in complexes 3-6. The 3-DMF-H,0-C 4.2DMF-H,0 6
35 magnetic data indicate 3-5 are weak ferromagnetic coupling, and - HCN
6 is anti-ferromagnetic coupling. The specific heat measurements Chemical CasHaoFeFe, | CagHaaFeOsE |- CasHaoleFe
suggest a phase transition occurring at 2.8 K, 2.7 K and 2.6 K for formula NioO4P eN;oP O,N;OsP
3-5. Formula 1017.52 1097.60 1021.72
weight
Acknowledgments Colour and p . . Brown
Habit urple prism | Purple prism prism
the National Science Foundation of China (21073192, 21173223 (mm) 0.094 %0.200 9%0.177
and 21233009) for financial support. 7(K) 123 ) 123
Table 1. Details of the crystallographic Data collection, Crystal
Structural Determination, and refinement for complexes 1- 6. system monoclinic monoclinic monoclinic
45 1210 27H,0 Space iroup P2,/n P2,/n C2/c
. a(A) 16.088(8) 16.747(7) 27.291(11)
Cf};f:ﬁj CyH 6FeNO, CZZH(I;SI\I607 b (A) 13.258(6) 13.494(5) 12.386(5)
c(A) 21.990(11) 22.504(10) 24.808(10)
F;;I;llta 452.26 666.61 a (deg) 90.00 90.00 90.00
Colour and . . B (deg) 108.196(9) 105.667(7) | 105.893(6)
Habit Purple prism | Brown prism ¥ (deg) 90.00 90.00 90.00
Crystal Size | 0.487x0.322x | 0.268x0.147 V(A 4456(4) 4897(4) 8065(5)
(mm) 0.214 x0.135 Z 4 4 8
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Deated (g/en?’) 1.517 1.489 1.683 N2eyanoFe! "N 1oy [173.94(19) [173.52(13)[172.4(3)
1 (Mo Ka, A) 0.71073 0.71073 0.71073 ME--'FGIE 5.048 5127 [5.133
Mo K. M"...Fe2 5.111 5.151 5.281
ﬂfnm(il) * 0.767 0.706 3.619 Fel™ ...Fe2™ 6.830 6.897  16.680
Completeness 99.7% 99.7% 99.6% ) ) ) )
F (000) 2084 2750 4008 Table .3. Cyanide stretching frequencies and electronic
19<h<19. 21<h<al, 35<h<3s, absorption spectra for complexes1-5 and the related precursors.
h, k, [, range -15<k<15, -17<k<13, -15<k<16, Compound . (cm'l) o/ T (2 Jdm? ol cm'l)
range (deg 03-25. -20-27. 10-27. , 14 [322(2761), 363(1284),
Reflections T2 1222 o150 cis-Fe(phen),(CN),2H,0 067, 207971, 17105 580(10226)
measured cis-Ru(bpy)»(CN),-2H,0 2062, 2078% [346(9428), 483(10385)"
P e e
i ?Srg:;; r(eosgr:; 595/54/4989 | 704/40/7108 | O ;2;9/ & 650(3370)
- Fe(salen)(NO5) L 377(11892)
GOF 1.017 1.033 1.070 356(12900), 528(6570).
Ry, @Ry [I> 0.0787, 0.0644, 00633, | P 2067,2085 00(3434)
20 ()] 0.2127 0.1300 0.1674 4 5087, 2102 372(14952), 512(6825),
Ry, @R, (all 0.1117, 0.1109, 0.0770, 595(3584)
data) 0.2429 0.1570 0.1805 5 2053, 2084 328(16210), 461(10244),
Ry = Z\|Fo| = |FI/ZF . @Ry = (XIS = FAPYIwFE ) 195(8836)
333(17170), 472(11205),
) 6 2028,2068 [514(10545), 617(3613),
Table 2. Selected Bond Distances (A) and Bond Angles (°) for 712(1977)
Complexes 1-6. 0
1 2
M"™-C1 evane 1.901(4)  [2.006(7)
M™C2, 00 1912(4) |L.987(8) ¢ f
C1=N1 1.174(5)  [1.143(10) . .
C2=N2 1.161(5)  |1.163(11)
M™-N3, igine 2.0003)  P.112(5) §
M"-N4, ridine 1.9593)  [2.069(5)
M"-N5_ ridine 1.957(3)  [2.064(5)
M"-N6,ridine 1.992(3)  [2.089(6)
CliyaneM"-C2evamo 188.57(16)  [90.8(3)
N1=C1-M" 178.8(3)  [173.8(8)
N2=C2-M" 178.73)  [175.0(5) ——t
3 4 6
M"™-C1 eyano 1.867(6)  [1.890(4) [1.978(7)
M"-C2yan0 1.889(6)  [1.886(4) [1.968(9) N(1)
C1=N1 1.163(7)  [|1.157(5) |1.170(10)
C2=N2 1.162(7) 1.152(5) |1.157(10) Figure 1 Crystal structure of mononuclear precursors cis-
IM"-N3,idine 1.996(5) [2.002(3) [2.123(7) M(bpy)»(CN), (M = Fe, Os) . Hydrogen atoms and solvent
M"-N4,ridine 1.965(5)  [1.970(3) [2.064(8) molecular have been omitted for clarity.
M"-N5_ sidine 1.985(5)  [1.972(3) [2.065(7)
M"-N6,ridine 1.978(5)  [1.996(3) [2.114(7)
Fe"-N1oyano 2.109(5) [2.183(3) [2.248(7)
Fe™-N2¢un0 2.086(6) [2.152(4) [2.242(8)
Fe™-N7en D.144(5)  [2.060(4) [1.989(7)
Fe-N8uen D.113(6) [2.063(3) [1.990(6)
Fe-01gien 1.924(5)  [1.896(3) [1.876(6)
Fe™-0241en 1.911(4)  [1.893(3) [1.899(5)
CleyaneM"-C2e0ime 187.7(2) 87.03(16) [87.7(3)
N1=C1-M" 177.4(5) |176.1(3) [177.6(6)
N2=C2-M" 177.1(5)  |176.5(4) [176.4(9)
C1=N1-Fe™ 159.6(5)  [159.2(3) [145.1(6)
C2=N2-Fe' 168.6(4) [167.2(3) [160.1(7)

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]



Page 7 of 11 Dalton Transactions

s Figure 2 (2a) Crystal structure of complexes [cis-
M(bpy),(CN),Fe(salen)](PFs) (M = Fe, 3; M = Os, 6), (2b) Side
perspective drawing of 1D chain of complexes [cis-
M(bpy),(CN),Fe(salen)](PFs). Hydrogen atoms, PF4 anion and
solvent molecular have been omitted for clarity.

.

Figure 3 (3a) Crystal structure of [cis-
Fe(phen),(CN),Fe(salen)](PFg). (3b) Side perspective drawing of
ID zigzag chain of [cis-Fe(phen),(CN),Fe(salen)] (PF).

15 Hydrogen atoms, the PFy anion and solvent molecule have been
omitted for clarity.
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Figure 4 Electronic absorption spectra of complex 3 and related
20 precursors in CH;CN solution at room temperature.
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Figure S Electronic absorption spectra of complex 4 and related
precursors in CH;CN solution at room temperature.
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Figure 6 Electronic absorption spectra of complex 5 and related

precursors in CH;CN solution at room temperature.
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s Figure 7 Electronic absorption spectra of complex 6 and related
precursors in CH;CN solution at room temperature.
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Figure 8 Magnetic behavior of complex 3 as measured in an

10 applied field of 1000 Oe using a SQUID magnetometer. Fitting
(black line) on yy vs T (star) and fitting (red line) on yy7 vs T
(circle) of complex 3 in the powder state.
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Figure 9 Magnetic behavior of complex 4 as measured in an
applied field of 1000 Oe using a SQUID magnetometer. Fitting
(black line) on yyvs T (star) and y7 vs T (circle) of complex 4
in the powder state.
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Figure 10 Temperature dependence of specific heat of complexes
3 (black circle) and 4 (red triangle).
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Figure 11 Magnetic behavior of complex 5 as measured in an
applied field of 1000 Oe using a SQUID magnetometer. Fitting
(black line) on yy vs T (star) and fitting (red line) on yy7 vs T
(circle) of complex 5 in the powder state.

8 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]



Page 9 of 11

Dalton Transactions

40
4 L 20
x J
< ™0 b 15T
g £
) (“E
5 20 L 105
= £
3
1.0 4 - 0.5
0.0
00 4 : . : : ; :
0 50 100 150 200 250 300
TIK

Figure 12 Magnetic behavior of complex 6 as measured in an

applied field of 1000 Oe using a SQUID magnetometer. Fitting

(black line) on yy vs T (star) and fitting (red line) on y7 vs T
s (circle) of complex 6 in the powder state.
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Figure 13 Temperature dependence of specific heat of complex
5.
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Four 1D cyanide-bridged complexes [cis—MH(L)z(CN)ZF eHI(salen)](PF 6) (3-6) have been
synthesized, of which 3 and 4 are the Class Il mixed-valence complexes.




