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CHAPTER 2 

Solution and Single Crystal Magnetic and 

Spectroscopic Characterization of 

Na3[FeII(CN)5en]·5H2O and 

(PPh4)2[FeIII(CN)5im]·2H2O 

 

This chapter describes the synthesis of (PPh4)2[Fe
III

(CN)5im].2H2O (1) and 

Na3[Fe
II
(CN)5en].5H2O (2) together with their 

13
C labeled analogues (where im is imidazole 

and en is 1,2-ethylenediamine). The structural characterization shows an octahedral 

environment with the metal center coordinated to the five cyano ligands through its 

carbons and to one of the nitrogens of the imidazole (1) and 1,2-ethylenediamine (2). 

Magnetic measurements reveal the low spin state of the compounds. Polarized Raman 

spectroscopic studies on a single crystal of 1 show the strong dependence of the stretching 

cyano ligand vibrations on crystal orientation relative to the direction of laser polarization 

and allows for assignment of all CN vibrational modes.  

 

Part of this chapter has been published in: Tchouka, H.; Meetsma, A.; Molnár, G.; 

Rechignat, L.; Browne, W. R., J. Mol. Struct., 2011, 999, 39. 
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 Chapter 2 

2.1- Introduction 

The coordination chemistry of cyano complexes is receiving continued attention due to 

their widespread application in magnetic materials
1
 and catalysis.

2
 Studies of [Fe(CN)5L]

n-
 

complexes
3
 have focused primarily on their preparation and properties in solution and 

where the [Fe
II/III

(CN)5]
2-/3-

 moiety is incorporated as a component in novel magnetic 

materials, such as Prussian blue analogues. A wide range of ligands (L) of diverse σ- and π-

bonding capabilities have been employed in the [Fe
II/III

(CN)5L]
2-/3-

 moiety,
4
 and several 

systematic studies of the effect of ligand type on the rate of thermal and photochemical 

ligand substitution, photoinduced electron transfer reactions have been reported to date.
5
 

Due in part to its biological availability and presence at the active site of a large 

number of metalloenzymes,
6
 imidazole and its derivatives have seen widespread 

application in coordination chemistry,
7
 not least in low-spin Fe

II
 and Fe

III
 complexes. 

[Fe(CN)5im]
n-

 complexes were first reported by Shepherd and coworkers
8
 in the 1970s and 

considerable attention was directed towards their spectroscopic properties in solution. 

These studies demonstrated the increased π donor properties of imidazole compared with 

CN
-
 toward Fe

III
 centers.

8
 These solution studies allowed for the complexes to be examined 

in their energetically most favorable solvated structure. An important question however is 

how the symmetry and hence molecular properties of [Fe
III

(CN)5L]
2-

  (where L = 

imidazole) are affected by confinement in a crystal lattice and what effect these changes 

have on molecular properties. A detailed understanding of these effects is of particular 

importance in the application of these classes of complex in molecular solid state devices. 

Furthermore the often limited or total absence of single crystal X-ray crystallographic data 

for many materials formed using this motif requires that alternate methods to structural 

determination are available to probe the effect of immobilization on molecular properties.  

The preparation and single crystal characterization of this building block using a 

novel route in which the imidazole is formed from an ethylenediamine ligand was 

reported.
9
 This building block was used to prepare a series of bimetallic materials 

exhibiting a diverse range of magnetic properties. 

In this chapter a combined spectroscopic and structural study of this important molecular 

building block is presented focusing especially on the changes imposed by the single 

crystalline state compared with properties observed in solution. The complex 

(PPh4)2[Fe
III

(CN)5im]·2H2O (1) was prepared from [Fe
II
(CN)5en]·5H2O (2) and 
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 Solution and Single Crystal Magnetic and Spectroscopic Characterization of Na3[Fe
II
(CN)5en]·5H2O and 

(PPh4)2[Fe
III

(CN)5im]·2H2O 

characterized by X-ray crystallography,
9
 UV/Vis, FT-IR, Raman and Mossbauer 

spectroscopies, in addition to the determination of its magnetic properties. The 

interpretation of the data is facilitated by comparison with other [Fe
III

(CN)5L]
2-

 complexes 

and by 
13

C isotope labeling. The primary goal is to provide a detailed analysis of the 

vibrational features, which could serve as a basis in the study of intercomponent 

interactions in mixed metal molecular materials (e.g., Prussian blue analogues) based on 

this building block where single crystal structural data are unavailable. 

2.2- Experimental Section 

2.2.1- Synthesis 

All reagents are of commercial grade and used as received unless stated otherwise. 

Hydrogen peroxide was used as received as a 50% wt solution in water.  

Caution. Sources of HCN should be treated with care and used in small quantities. Contact 

with acids should be avoided. 

Na3[Fe(CN)5(en)]·5H2O (2)  

2 was prepared by modification of the method of Olabe and Ayamonino:
10

 

Na2[Fe(CN)5NO]·2H2O (6 mmol, 2 g) and sodium acetate (12 mmol, 1 g) were dissolved 

in a mixture of water (20 mL) and ethanol (15 mL). After 30 min an excess of 

ethylenediamine (10 mL) was added to the solution and it was heated to between 40 and 60 

o
C with stirring. After 30 min an excess of ethanol (15 mL) was added to the solution. The 

solution was filtered while hot and allowed to cool to room temperature. Yellow crystals of 

Na3[Fe(CN)5(en)]·5H2O were obtained following slow evaporation at room temperature 

and were collected by filtration. Yield 86% (2.35 g). Anal. Calc. for FeC7N7Na3H18O5 

Na3[Fe(CN)5(en)]·5H2O: C, 20.76%; H, 4.48%; N, 24.20%; Found: C, 20.97%; H, 4.56;% 

N, 23.79%. 

(PPh4)2[Fe(CN)5im]·2H2O (1)  

Air was bubbled for 30 min through an aqueous solution (20 ml) of 2 (1.2 mmol, 1 g). 

Over 2 h a color change from yellow to orange was observed. The solution was added 

slowly to a stirred solution (50 ml; 3:2 water/ethanol) of tetraphenylphosphonium chloride 

(Ph4PCl) (2.4 mmol). Red brownish crystals of (PPh4)2[Fe(CN)5im]·2H2O formed upon 
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standing. Yield 56% (1.35 g). Anal. Calc. for FeC56P2H48N7O2: C, 69.43%; H, 4.99%; N, 

10.12%; Found: C, 69.52%; H, 4.88%; N, 10.08%. 

K4[Fe(
13

CN)6]·3H2O  

The preparation of complex K4[Fe(
13

CN)6]·3H2O was adapted from the procedure reported 

by Janiak et al.
11

 FeCl2.4H2O (7.20 mmol, 1.43 g) was dissolved in 10 mL of water. Solid 

NaOH (12.50 mmol, 0.50 g) was added to this solution which became green immediately. 

K
13

CN (45.50 mmol, 3 g in 20 mL of water) was added to the mixture which turned red. 

The solution was warmed to 50 
o
C for 20 min to yield a yellow solution. The red 

precipitate present was removed by filtration. The filtrate was evaporated to dryness and 

the compound was purified by recrystallization from hot water/methanol (1:1). The light-

yellow crystalline solid was collected by filtration. Yield: 60 % (1.8 g). Anal. Calc. for 

C6H6N6K4O3Fe: C, 16.81%; H, 1.41%; N, 19.62%; Found: C, 16.66%; H, 1.20%; N, 

19.33%. Raman spectroscopy: νCN (calculated Raman shift using a two atom oscillator 

approximation) 2046 (2048), 2019 (2021), 2012 (2015), 1995 (1995) cm
-1

. 

K2[Fe(
13

CN)5NO]· 2H2O 

The preparation of Na2[Fe(
13

CN)5NO]·2H2O was by modification of the method reported 

by Janiak et al.
11

 Concentrated nitric acid (1 mL, 65%-HNO3) was added to an aqueous 

solution (5 mL) of K4[Fe(
13

CN)6]·3H2O (3.27 mmol, 1.40 g). The solution was heated at 60 

o
C for 6 h followed by stirring at room temperature for 48 h to yield a dark-blue solution. 

Using a pH-meter, the pH of the solution was adjusted to pH 7.10 carefully with an 

aqueous solution of Na2CO3 yielding a red- blue solution.
12

 The solution was heated at 60 

o
C for 15 min and solvent removed in vacuo until near dryness. At room temperature, 40 

mL of methanol was added to dissolve the desired product and precipitate side products. 

The precipitate was removed by gravity filtration and the product was obtained by 

evaporating the red filtrate to dryness in vacuo. Yield: 48 % (0.53 g). Anal. Calc for 

C5H4N6K2O3Fe: C, 17.91%; H, 1.20%; N, 25.10%; Found: C, 16.53%; H, 1.10%; N, 

25.22%. Raman spectroscopy: νCN (calculated Raman shift using a two atom oscillator 

approximation) 2125 (2128), 2113 (2117), 2108 (2111), 2097 (2099) cm
-1

. 

Na3[Fe(
13

CN)5En]·5H2O (2b) 

K2[Fe(
13

CN)5NO]·2H2O (1.5 mmol, 0.5 g) was dissolved in 20 mL of water/ethanol (1/1 

v/v). After warming at 60 
o
C for 30 min, sodium acetate was added (3.7 mmol, 0.3 g). The 

solution was stirred for 30 min and an excess of ethylenediamine (90 mmol, 6 mL) was 
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(PPh4)2[Fe
III

(CN)5im]·2H2O 

added and the mixture heated at 60 
o
C for 15 min. An excess of ethanol (10 mL) was added 

slowly to the stirred solution and the solution was immediately filtered under vacuum. The 

filtrate was allowed to cool to room temperature. After 3 d, yellow single-crystals were 

collected by filtration and washed with ethanol.  Yield: 93 % (0.57 g). Anal. Calc. for 

C7H17N7Na3O5Fe: C, 20.54%; H, 4.19%; N, 23.97%; Found: C, 20.51%; H, 4.29%; N, 

23.60%. Raman spectroscopy: νCN (calculated Raman shift using a two atom oscillator 

approximation) 2038 (2038), 2014 (2015), 1995 (1995), 1985 (1985) cm
-1

. 

(Ph4P)2[Fe(
13

CN)5im]·2H2O (1b) 

H2O2 (8 µL, 50 % aq. soln.) was added to an aqueous solution of Na3[Fe(
13

CN)5en]·5H2O 

(0.12 mmol, 50 mg). After stirring for 15 min, a water/ethanol (16 mL, 1:1) solution of 

tetraphenylphosphonium chloride (0.25 mmol, 93 mg) was added. The mixture was heated 

to reflux under constant purging with air. After 5 h, the solution was allowed to cool to 

room temperature. The dark-yellow precipitate formed was filtered and washed with water. 

Yield: 34% (40 mg). Anal. Calc. for C56H48N7O2P2Fe: C, 69.05%; H, 4.97%; N, 10.08%; 

Found: C, 68.44%; H, 4.66%; N, 9.94%. 

2.2.2- Instrumentation. 

Elemental analyses (C, H, N) were performed with a Euro EA Elemental analyzer Euro 

Vector Instrument. FT-IR spectra were recorded using ZnSe/Diamond ATR attachment on 

a Perkin-Elmer spectrum 400 FT-IR/FT-FIR in the range between 4000 and 600 cm
-1

. 

Raman spectra of a single crystal (4 cm
-1

 resolution) were recorded using a Perkin Elmer 

spectrum 400 Raman station equipped with a polarization accessory (PE) for independent 

polarization of the excitation laser (785 nm) and the Raman backscattering or via a 

Olympus BX51 upright reflecting microscope coupled to the Raman station by fiber optic 

cables. Polarized Raman spectra were obtained by placing a U-ANT polarizer in the 

common excitation and Raman scattering collection pathway and orientation was varied 

using a U-SRG 2 circular rotable stage. Resonance Raman spectra at λexc 355 nm were 

recorded in quartz cuvettes using a 355 nm cw laser (Cobolt, 10 mW) in a 180
o
 

backscattering arrangement with detection using a Shamrock303 spectrograph and a 

Newton EMCCD (Andor Technology). Solution UV/Vis spectra were recorded on a 

JASCO V630 spectrophotometer in 1 cm pathlength quartz cuvettes. Diffuse reflectance 

spectra were recorded as solid solutions in BaSO4 (spectroscopic grade) using a JASCO 

V560 UV/Vis/NIR spectrometer equipped with an integrating sphere and the intensity is 
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corrected using the Kubelka-Munk function [F(R∞)].
13

 MCD (Magnetic Circular 

Dichroism) spectra were recorded at room temperature using a DeSa magnet 1.4 Tesla and 

LD (Linear Dichroism) spectra were recorded on a Jasco J-815 CD spectrometer at 293 K. 

57
Fe Mössbauer spectra were acquired at 80 and 293 K on a constant-acceleration 

spectrometer using a 50 mCi source of 
57

Co (Rh matrix). Spectral evaluation as carried out 

under the assumption of Lorentzian line shapes using the software package Recoil. All 

isomer shifts are given relative to metallic iron at room temperature. EPR measurements 

were performed with a Bruker ER200D spectrometer equipped with an Oxford EPR-900 

continuous flow cryostat. The g-values were determined at selected crystal orientations at 

115 K. 

X-ray crystallographic data.  

All refinement calculations and graphics were performed on a HP XW6200 (Intel XEON 

3.2 Ghz) / Debian-Linux computer with the program packages SHELXL (least-square 

refinements).
14

 Crystals were mounted on glass fibers and cooled to 100(1) K using a 

Bruker KRYOFLEX low-temperature device. Intensity measurements were performed 

using graphite monochromated Mo-Kα  radiation source (λ = 0.71073 Å) from a sealed 

ceramic diffraction tube (SIEMENS). Crystal fragments of (PPh4)2[Fe(CN)5im]·2H2O and 

Na3[Fe(CN)5en]·5H2O., cut to size to fit in the homogeneous part of the X-ray beam, with  

dimensions of  0.53 x 0.38 x 0.32 mm and 0.49 x 0.34 x 0.23 mm, respectively, were 

mounted on top of a glass fiber and aligned on a Bruker
15

 SMART APEX CCD 

diffractometer. The crystal was cooled to 100(1) K using the Bruker KRYOFLEX. The unit 

cell
16

 was identified as triclinic, space group P  for (PPh4)2[Fe(CN)5im]·2H2O. The E-

statistics were indicative of a centrosymmetric space group.
17 

Reduced cell calculations did 

not indicate higher metric lattice symmetry.
18

 Examination of the final atomic coordinates 

of the structure did not yield extra crystallographic or metric symmetry elements.
19,20

 The 

hydrogen atoms of the phenyl groups for (PPh4)2[Fe(CN)5im]·2H2O were generated by 

geometrical considerations, constrained to idealized geometries, and allowed to ride on the 

carrier atoms with an isotropic displacement parameter related to the equivalent 

displacement parameter of their carrier atoms. The unit cell
16

 was identified as monoclinic 

for Na3[Fe(CN)5en]·5H2O. The space group P21/n, was derived from the systematic 

extinctions. A difference Fourier synthesis resulted in the location of all the hydrogen 

atoms and isotropic displacement parameters were refined for Na3[Fe(CN)5en]·5H2O. 

Crystallographic data and numerical details on the structure determination of 
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(CN)5en]·5H2O and 

(PPh4)2[Fe
III

(CN)5im]·2H2O 

(PPh4)2[Fe(CN)5im]·2H2O and Na3[Fe(CN)5en]·5H2O are given in table 2.1. Selected 

interatomic distances (Å) and bond angles (deg.) for (PPh4)2[Fe(CN)5im]·2H2O and 

Na3[Fe(CN)5en]·5H2O are represented in table 2.2 and table 2.3, respectively. 

 

Table 2.1: Crystal data and numerical details of the structure determination of 

(PPh4)2[Fe(CN)5im]·2H2O and Na3[Fe(CN)5en]·5H2O.  

 (PPh4)2[Fe(CN)5im]·2H2O Na3[Fe(CN)5en]·5H2O 

Formula 2(C24H20P).(C8H4N7Fe).2(H2O) 3Na.(C7H8N7Fe).5(H2O) 

Formula weight (g.mol
-1

 ) 968.84 405.08 

crystal system triclinic monoclinic 

Space group 
P  

P21/n 

a, b, c / Å 9.8108(15), 11.1655(17),  23.848(4) 8.3607(7), 11.1624(9), 17.4233(14) 

α, β, γ /deg 87.219(2), 85.573(2), 70.729(2) 90.1293(9) 

Volume (Å
3
) 2457.9(7) 1626.0(2) 

Θ range unit cell: min.-max. (deg); 2.49  -  28.94; 5165 2.70  -  29.46; 7779 

Z 2 4 

Dcalc (g.cm
-3

) 1.309 1.655 

F(000) 1010 832 

µ(Mo Kα ) (cm
-1

) 
4.22 10.4 

Color, habit red-brown, parallelepiped yellow, block 

Approx. crystal dimension, mm 0.53 x 0.38 x 0.32 0.49 x 0.34 x 0.23 

Temperature (K) 100(1) 100(1) 

RF  where F0 ≥ 4σ(F0) 0.0514 0.0287 

wR2 0.1379 0.0745 

RF = ∑ (||Fo| - |Fc||)  / ∑ |Fo | and wR2 = [∑ [w(Fo
2
 - Fc

2
)
2
]  / ∑ [w(Fo

2
)
2
]]

1/2
 

2.3- Results and Discussions 

2.3.1- Structural characterization 

2.3.1.1- Structural characterization of (PPh4)2[Fe(CN)5im]·2H2O.  

(PPh4)2[Fe(CN)5im]·2H2O was isolated, by slow evaporation of a solution of 

Na3[Fe(CN)5en]·5H2O and tetraphenylphosphonium chloride in water, as large red brown 

crystals.
21

 These crystals have a triclinic unit cell with two molecules per unit cell. The 

asymmetric unit contains one formula unit, consisting of five moieties: an anionic 

[Fe(CN)5im]
2-

, two PPh4
+
 and two water molecules. These moieties are linked by hydrogen 

bonds, forming an infinite two-dimensional network along the base vectors [1 0 0] and [0 1 

0]. The solid state structure of complex (PPh4)2[Fe(CN)5im]·2H2O is shown in figure 2.1. It 
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consists of five cyano (CN
-
) ligands and one imidazole (C3H4N2) ligand coordinated to the 

iron centre (Fe
III

); four of the CN
-
 are in the equatorial plane while the fifth CN

-
 ligand is 

collinearly axial with the imidazole group. The interatomic distances and bond angles are 

represented in table 2.2. Two [Fe(CN)5im]
2-

 moieties are bonded together through a H-

bond between N7-H7…N3 forming asymmetric chains along the c-axis and separated by 

two PPh4
+
. 

 

Figure 2.1: Structure of the anion in (PPh4)2[Fe(CN)5im]·2H2O, counterions and solvent are 

omitted for clarity. 

Table 2.2: Selected interatomic distances (Å) and bond angles (deg.) of (PPh4)2[Fe(CN)5im]·2H2O. 

Fe-N6 1.999(2) N6-C6 1.335(4) 

Fe-C1 1.964(3) N6-C8 1.382(4) 

Fe-C2 1.934(3) N7-C6 1.339(4) 

Fe-C3 1.936(3) N7-C7 1.365(4) 

Fe-C4 1.961(3) C7-C8 1.360(4) 

Fe-C5 1.936(3) N1-C1 1.160(3) 

    

C1-Fe-C2 91.01(11) C1-Fe-C3 86.75(12) 

C1-Fe-C4 176.53(13) C1-Fe-C5 93.01(11) 

N6-Fe-C1 89.54(11) N6-Fe-C3 176.11(10) 

N6-Fe-C5 91.03(11) N6-Fe-C8 109.3(3) 

N6-Fe-C4 92.89(11) C2-Fe-C3 90.22(13) 

C2-Fe-C5 175.50(12) C2-Fe-C4 86.47(12) 

C3-Fe-C4 90.87(12) C3-Fe-C5 87.99(13) 

Fe-N6-C8 127.09(19) C4-Fe-C5 89.43(12) 

Fe-N6-C6 127.17(19) C6-N6-C8 105.4(2) 

C6-N7-C7 107.9(3) N6-C6-N7 111.0(3) 

N7-C7-C8 106.4(3) N6-C8-C7 109.3(3) 

Fe-C1-N1 178.7(3)   
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III

(CN)5im]·2H2O 

The Fe-C bond lengths are between 1.934(3) - 1.964(3) Å; as expected for a low-spin Fe
III

 

mononuclear complex (e.g. [Fe
III

(CN)6]
3-

 1.927(14)-1.971(19) Å)),
22

 and are also in good 

agreement with those reported for Rb2[Fe
III

(CN)5NO] (1.92(2) Å – 1.96(2) Å).
23

 The 

structure shows that PPh4
+
 cations are not involved to an appreciable extent in bonding 

with either H2O or the [Fe(CN)5im]
2-

 ions. Ph4P
+
 has been reported as to stabilize the 

crystal lattice of low-spin Fe
III

 complexes of the type PPh4[Fe(CN)4bipy]·2H2O (bipy = 

2,2’-bipyridine) and PPh4[Fe(CN)4phen]·2H2O (phen = 1,10-phenanthroline).
24,25

  

2.3.1.2- Structural characterization of Na3[Fe(CN)5en]·5H2O 

Compound Na3[Fe(CN)5en]·5H2O was obtained by ligand substitution (NO) of 

[Fe(CN)5NO]
2-

 using an excess of ethylenediamine. Yellow crystals suitable for X-ray 

diffraction were obtained upon standing which comprised of a monoclinic unit cell 

containing four molecules. The asymmetric unit consists of mononuclear [Fe(CN)5en]
3-

 

anions, three sodium ions and five water molecules. These moieties are linked by hydrogen 

bonding, forming an infinite three-dimensional network along the base vectors [1 0 -1], [0 

0 2] and [0 1 1]. The structure of [Fe(CN)5en]
3-

  is shown in figure 2.2. The selected 

interatomic distances and bond angle are compiled in table 2.3. 

 

Figure 2.2: Structure of Na3[Fe(CN)5en]·5H2O, counterions and solvent of crystallization are 

omitted for clarity. 
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As expected, Na3[Fe(CN)5en]·5H2O consists of five cyano (CN
-
) ligands and one 

ethylenediamine (C2H8N2) ligand coordinated to an iron(II) center. Four of the cyano 

groups are situated in the equatorial plane while one cyano is axially collinear with the 

ethylenediamine group. The Fe-N bond length (of the ethylenediamine group) in 

Na3[Fe(CN)5en]·5H2O is 2.0843(13) Å which is comparable to that reported
26

 for 

Na3[Fe
II
(CN)5NH3]·7H2O

 
(2.071(2) Å). The length of the Fe-C bond trans to the 

ethylenediamine ligand is 1.8658(14) Å, which is 0.07 Å shorter than the Fe-C bonds in the 

equatorial positions. This difference was found to be 0.06 Å for Na3[Fe
II
(CN)5NH3]·7H2O 

and 0.05 Å for [Et4N]3[Fe
II
(CN)5py].

27
 This difference reflects the relative donor strength 

of the ethylenediamine and cyanides as ligands. Ethylenediamine promotes π-back-bonding 

from an electron-rich metal to the π-acceptor cyanide in the trans position. Indeed the 

difference can be compared with that reported for Na2[Fe(CN)5MeQ
+
] (0.03 Å) (where 

MeQ
+
 is N-methyl-4,4′-bipyridinium),

28
  which is less, possibly due to the stronger π-

acceptor capability of the MeQ
+
 ligand compared to ethylenediamine or ammonia. 

Table 2.3: Selected interatomic distances (Å) and bond angles (deg.) of Na3[Fe(CN)5en]·5H2O. 

Fe-N6 2.0843(13) Fe-C5 1.9224(14) 

Fe-C1 1.9379(14) N6-C6 1.476(2) 

Fe-C2 1.9330(14) C6-C7 1.525(2) 

Fe-C3 1.8658(14) C7-N7 1.472(2) 

Fe-C4 1.9159(14) N1-C1 1.1661(19) 

C1-Fe-C2 90.57(6) C1-Fe-C4 176.71(6) 

C1-Fe-C3 89.78(6) C1-Fe-C5 89.09(6) 

N6-Fe-C1 93.68(5) N6-Fe-C3 176.48(6) 

N6-Fe-C2 89.94(5) N6-Fe-C4 87.16(6) 

N6-Fe-C3 176.48(6) N6-Fe-C5 89.83(5) 

C2-Fe-C3 89.36(6) C2-Fe-C4 92.62(6) 

C2-Fe-C5 179.57(6) C3-Fe-C4 89.43(6) 

C3-Fe-C5 90.89(6) C4-Fe-C5 87.73(6) 

Fe-N6-C6 119.72(10) N6-C6-C7 113.87(13) 

N7-C7-C6 110.46(13)   

2.3.2- Infrared and Raman spectroscopy  

The infrared and Raman spectra of different cyano complexes 
12/13

C-K4[Fe(CN)6]·3H2O, 

K2[Fe(CN)5NO]·2H2O and Na3[Fe(CN)5en]·5H2O are shown in figures A1, A2 and A3, 

respectively, in Appendix. The stretching vibrations of the CN frequencies are selectively 

represented in table 2.4, as well as the isotope shifts of υCN bands. As expected from the 

values’ table, the cyano vibration frequencies of Fe
II
 complexes are lower compared to that 
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of Fe
III

 complexes due to the fact that electronic cloud is less intense on Fe
III

 than on Fe
II
 

ions, which increases the back bonding effect from the cyano to the metal and so increases 

the CN vibration frequencies. Also as predicted from the isotope shift equation, the Raman 

results of isotope 
13

C cyano complexes as represented in the table below display an isotope 

shift values close to the calculated values (43-47 cm
-1

) regarding the CN vibration 

frequencies. These shifts confirm the coordination of the labeled cyano ligands to the metal 

center. The shift observed for the 
13

C complexes relative to the 
12

C complexes is such that 

the labeled atom complexes also present the same symmetry structure. That is the case for 

K4[Fe(CN)6]·3H2O where the cyano vibration values are similar to those reported 

previously
29

 and indicates an Oh symmetry for free ion modes. The band at 2024 cm
-1

 in 

the 
12

C complex, which is not observed in the 
13

C complex, may be due to the labeled 

12
C

15
N vibration. This was also observed for K2[Fe(CN)5NO]·2H2O, which according to 

the literature,
30

 presents a C4v point group symmetry for the anion. The 

Na3[Fe(CN)5en]·5H2O presents a C4v point group symmetry which is similar to several 

other reported [Fe
II
(CN)5L]

3-
 complexes.

31,32
 The CN stretching bands of this complex 

appear intense in the region between 2020 and 2090 cm
-1

. These value are close to that 

reported for the protonated ethylenediamine complex Na2[Fe
II
(CN5)enH]·6H2O

33
 and also 

to other pentacyano iron (II) complexes. This suggests that the CN vibrations are less 

sensitive to the substituted L ligand of the complexes. The isotope shift values obtained for 

the labeled atom complex are also close to the theoretical values, meaning that under the 

same conditions, the 
13

CN
-
 ligand could coordinated the metal to form the complex 

Na3[Fe(
13

CN)5en]·5H2O with the same symmetry as the 
12

CN compound. 

The IR and Raman spectra of powdered samples of 1 are shown in figure 2.3. In the 

FT-IR spectrum of 1, the absorption bands between 3400 and 3250 cm
-1

 are assigned to O-

H and N-H stretching modes. The absence of broad absorption bands for the O-H stretch 

indicates that the water of crystallization does not undergo extensive hydrogen bonding 

interactions. Absorptions between 2800 and 3100 cm
-1

 are assigned to νC-H. The NH2 

scissoring mode appears between 1615 and 1585 cm
-1

. The C-H twisting, C-H wagging, N-

H twisting and N-H wagging modes appear between 1066 and 1407 cm
-1

. The strong bands 

of the Ph4P
+
 cations in the structure result in an overlap of phenyl group absorption bands 

and bands due to imidazole. In comparison to Ph4P
+
, the imidazole vibrational bands are 

weak (Figure A4 in appendix). However, the bands at 1265, 1188 and 720 cm
-1

 are 



 

 

34 

 Chapter 2 

assigned to the νN-H, νring and δN-H of the imidazole ligand. These are comparable to that 

reported for the imidazole complex [Fe(im)6](ClO4)2 (im = imidazole).
34

 

Table 2.4: Infrared and Raman modes and isotopic shifts of 
12/13

C- K4[Fe(CN)6]·3H2O (a), 

K2[Fe(CN)5NO]·2H2O (b) and Na3[Fe(CN)5en]· 5H2O (c).  

a) K4[Fe
II
(CN)6]·3H2O 

 IR (cm
-1

) Raman (cm
-1

) ∆ 
12/13

 C (cm
-1

) ∆ 
12/13

 C  

 
    

  calculated (cm
-1

) 

 
12

C 
13

C 
12

C 
13

C IR Raman  

A1g   2092 2047  45 44 

Eg   2064 2019  45 43.3 

Eg   2058 2013  45 43.2 

F1u 2038 1995 2038 1994 43 44 42.8 

   2024     

b) K2[Fe
III

(CN)5NO]·2H2O 

 IR (cm
-1

) Raman (cm
-1

) ∆ 
12/13

 C (cm
-1

) ∆ 
12/13

 C 

 
    

  calculated 

 
12

C 
13

C 
12

C 
13

C IR Raman  

A1 2174 2127 2171 2125 47 46 45.6 

A1 2162 2115 2159 2113 47 46 45.4 

B1 2158 2110 2153 2108 48 45 45.3 

E 2144 2097 2142 2096 47 46 45 

c) Na3[Fe
II
(CN)5en]· 5H2O 

 IR (cm
-1

) Raman (cm
-1

) ∆ 
12/13

 C (cm
-1

) ∆ 
12/13

 C  

 
    

  calculated (cm
-1

) 

 
12

C 
13

C 
12

C 
13

C IR Raman  

 2083 2039 2082 2038 44 44 43.7 

 2060 2016 2059 2014 44 45 43.3 

 2038 1994 2038 1994 44 44 42.8 

 2019 1974 2028 1984 43 44 42.4 

In contrast to the FT-IR spectrum of 1, the powder Raman spectrum (λexc 785 nm) is 

relatively simple and is dominated by Raman scattering from the Ph4P
+
 and CN vibrations. 

The imidazole bands are relatively weak but are observed in the 1100-1550 cm
-1

 region. 

The IR and Raman active cyano stretching (vCN) frequencies of 1 are detailed in table 2.5. 

The vCN bands of 1 are at higher frequency (2100-2130 cm
-1

) compared to those of, for 

example 2, as is expected considering the reduced electron density of the Fe
III

 centre of 1 

compared to the Fe
II
 centre of 2 and hence increased σ-donation and reduced the π–

backbonding from the Fe
III

 to the CN
-
 ligands. In the FT-IR spectrum, five IR active cyano 

absorption bands are observed, with three bands being intense; comparable to that of 
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[Fe
III

(CN)5NO]
2-

.
23

 By contrast in the Raman spectrum of a powdered sample three intense 

and two weaker vCN bands are observed.   

 

 

Figure 2.3: FT-IR-ATR (upper) and Raman (785 nm, lower) spectra of powdered sample of 

(PPh4)2[Fe(CN)5im]·2H2O (1). 

Table 2.5: Cyano bands (cm
-1

) of (PPh4)2[Fe(CN)5im]·2H2O 1 and (PPh4)2[Fe(
13

CN)5im]·2H2O 1b. 

FTIR /cm
-1

  Raman /cm
-1

 

1 1b  1 1b  δ
13

C (calc) /cm
-1

 

2104 vs 2058 vs 2104 w 2058 vw 46 (44) 

2108 vs 2061 sh, vs 2108 vw 2061 vw 47 (44) 

2115 vw 2069 vw 2116 vs 2069 vs 47 (44) 

2122 w 2075 w 2122 vs 2075 vs 47 (44) 

2127 vw 2082 vw 2127 vs 2082 vs 45 (45) 

vs = very strong, s = strong, w = weak, vw = very weak, sh = shoulder. δ
13

C were 

calculated using a two atom oscillator approximation. 
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Figure 2.4: Powder Raman spectra of 1, 1b, 2 and 2b (bottom) in the region between 200 and 

3300 cm
-1

 and (upper) the region between 1960 and 2170 cm
-1

. 

In acetonitrile solution (Figure 2.5), the Raman spectrum of 1 shows a broad band at 2121 

cm
-1 

and a shoulder at 2114 cm
-1

 and an absorption in the infrared at 2107 cm
-1

, in contrast 

to the well-defined spectrum observed for powder samples. Notably, although the 

absorption spectra in solution and solid state are essentially the same, some changes of the 

imidazole bands are observed. This indicates that the structure in the single crystal/powder 

form of 1 is not retained in solution. The change in the CN stretching region around 2100 

cm
-1

 suggests a substantial change in the symmetry of the molecule possibly with a change 

from C2v symmetry in the solid state where the imidazole lies along one of the NC-Fe-NC 

axes to C4v in solution with the imidazole lying in the dihedral plane formed by the two 

NC-Fe-NC axes. By contrast the CN stretching bands in complex 2 are essentially identical 

in aqueous solution and in the solid state (at 2017 and 2047 cm
-1

). 
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Figure 2.5: Raman spectra of 1 as neat powder and as 1 M solution in CH3CN (solvent subtracted) 

and 2 as neat powder and as 1 M solution in H2O. 

In the region 610-400 cm
-1

, the absorption bands characteristic of the Fe
II/III

(CN)5 moiety,
 35

 

are observed. The bands at 622 and 528 cm
-1

 for 1 are assigned to Fe-C stretching and/or 

FeCN bending modes on the basis of 
13

C isotope labeling (see Appendix). 

2.3.3- Polarized Raman single crystal studies. 

A single crystal of (PPh4)2[Fe(CN)5im]·2H2O (1) with dimensions 4.7 mm × 3.6 mm × 0.4 

mm, was used (Figure 2.6). The identification of each of the crystallographic planes with 

respect to the crystallographic axes of the triclinic crystal group was made using X-ray 

diffraction. The (100) plane is orthogonal to the reciprocal a* axis and the (010) plane is 

orthogonal to the reciprocal b* axis as represented in figure 2.7 and figure 2.9, respectively. 

The (010) plane corresponded to the largest face (4.7 × 3.6 mm) of the single crystal used 

and the (100) plane to smallest face (3.6 × 0.4 mm). The c* axis was not perpendicular to 

the medium face of the crystal; therefore this third face presented a mixture of (100) and 

(010) plane characteristics.  
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Figure 2.6: Photo of the single crystal of (PPh4)2[Fe
III

(CN)5im]·2H2O (1) used for polarized 

Raman studies. Each of the reciprocal cell axes are indicated a* (red), b* (green) and c* (blue). 

 

Figure 2.7: Projection of the structure (Ph4P)2[Fe(CN)5im]·2H2O on the plane (010) along the b* 

axis. α indicates the angle quoted below with respect to the a axis at which the excitation light is 

polarized.  

Spectral positions and intensities of the Raman spectra were measured upon rotating the 

single-crystal sample under polarized excitation light. The sample was fixed at the center 

of a goniometer for rotation through angle α. Raman spectra were measured rotating the 

sample through 2π at 10
o
 intervals around a* and b* axes (corresponding to (100) and 

(010) planes, respectively) perpendicular to the direction of polarization of the laser. 

The polarized Raman spectra recorded on the (010) plane of the single crystal, i.e. along 

the b* axis, are shown in figure 2.8. The cyano stretching vibrations are recorded for the 

single crystal at the angles α = nπ/2 and nπ (where n = integer).  

From the spectra, it is apparent that when the a* axis is perpendicular to the direction of 

laser polarization (α = nπ/2), the band at 2122 cm
-1

 is at a maximum intensity whereas the 
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band at 2116 cm
-1

 is not observed. By contrast, the band at 2116 cm
-1

 is most intense and 

the band at 2122 cm
-1

 least intense for α = nπ (a* axis parallel to the direction of laser 

polarization). The intensity of the band at 2128 cm
-1

 varies less upon rotation, nevertheless, 

the intensity is at a maximum with α = nπ/2. In addition the very weak band at 2108 cm
-1

 is 

observed at nπ and the band at 2104 cm
-1

 is entirely absent. Notably the imidazole 

vibrations are completely absent when the direction of polarization is orthogonal to the 

plane of the imidazole rings (i.e. α = nπ/2). The variation of the intensity of bands at 2116 

and 2122 cm
-1

 upon rotating around the b* axis, has a periodicity of π as represented in 

figure 2.8. This indicates that the 2122 cm
-1

 band can be assigned to the axial CN (trans to 

the imidazole) and the bands at 2116 and 2128 cm
-1

 assigned to the equatorial CN
-
 ligands, 

with the band at 2116 cm
-1

 assigned to the CN vibrations orthogonal to the imidazole ring 

(i.e. approximately parallel to the c* axis).  

 

Figure 2.8: Polarized Raman spectra of a single crystal of (Ph4P)2[Fe(CN)5im]·2H2O (1) at 

different angles α = nπ (solid lines) and nπ/2 (dashed lines) (n = integer). Rotation along the b* 

axis. (inset) Relative intensity of the bands at 2116 and 2122 cm
-1

 upon rotating the [010] plane of 

the single crystal under a fixed direction of the polarization for the excitation laser. 

The same analysis was carried out on the crystal upon rotating around the a* axis as shown 

in figure 2.9; the three bands at 2128, 2116 and 2104 cm
-1

 undergo significant intensity 

changes upon rotation in this case. The band at 2122 cm
-1

, is almost entirely absent 

regardless of the angle of rotation, however, the band at lower wavenumber (2104 cm
-1

) 

becomes more intense. Upon rotating the crystal around the corresponding a* axis, the 

variation of the intensity of each of the bands is in such a way that the band at 2104 cm
-1
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remains the least intense band as shown in figure 2.10. In contrast, this band is the most 

intense in the IR spectrum. The bands at 2116 and 2128 cm
-1

 also vary periodically 

however the bands retain significant intensity at all orientations. Similar analysis of the 

third face of the crystal, which is a mixture of (100), (010) and (001) planes, shows all the 

five bands (2128, 2122, 2116, 2108 and 2104 cm
-1

) where their intensity varies upon 

rotating the single crystal relative to an axis perpendicular to that face (Figure 2.11). 

 

Figure 2.9: Projection of the structure (Ph4P)2[Fe(CN)5im]·2H2O on the plane [100] along the a* 

axis.   
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Figure 2.10: Polarized Raman spectra of the single crystal along the a* axis for different 

orientations around the relative to the b* axis: polarization 15
o
 of b* axis (upper spectrum) and 

105
o
 of b* axis (lower spectrum). 

 

Figure 2.11: Selected polarized Raman spectra of the single crystal of 1 along (a) a* axis, (b) b* 

axis and (c) the third face of the crystal showing all five bands with various relative intensities. 
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In summary the polarized Raman spectra on a single crystal indicate that each of the cyano 

stretching bands at 2128, 2122, 2116, 2108 and 2104 cm
-1

 can be assigned to the CN
-
 

ligand trans to the imidazole (2122 cm
-1

), the equatorial CN
-
 ligands orthogonal (2116 and 

2108    cm
-1

) and in the same plane (2122 and 2104 cm
-1

) to the imidazole plane, 

respectively. 

The single crystal structure of the complex (PPh4)2[Fe(CN)5im]·2H2O is a triclinic 

system with the only local symmetry being a center of inversion (i). With regard to the CN 

stretching modes, the most interesting feature is the local symmetry of the [Fe(CN)5im]
2-

 

ion, which is a distorted octahedral structure that can be viewed as either C4v or C2v 

depending on the orientation of the imidazole ring. From the single crystal X-ray structure 

of 1 the imidazole ring lies in the plane formed by the axial CN
-
 and two of the equatorial 

CN
-
 ligands indicating that C2v symmetry is most appropriate. However, the C1N1 and 

C4N4 (which are trans to each other) have C-N bond distances of 1.160 Å and 1.159 Å, 

respectively, and the C2N2 and C5N5 are also in a trans position with a C-N bond distance 

equal to 1.152 Å and 1.160 Å respectively, which indicates that the four CN bonds are 

similar. For C4v symmetry all equatorial CN bonds would be equivalent and hence the 

irreducible representation leads to four Raman active (2A1 + B1 + E) and three IR active 

(2A1 + E) bands. The observation of five IR and Raman active bands confirms that C4v 

symmetry is not appropriate in this case however.  

C2V symmetry predicts a mirror plane containing C2N2, C3N3, C5N5 and the 

imidazole ligand, assuming the absence of significantly different contributions from H-

bonding between the equatorial CN
-
 ligands and the water molecules; the five CN 

stretching modes of [Fe(CN)5im]
2-

 ion in the C2V are 3A1 + B1 + B2; with all modes being 

both Raman and infrared active. The axial CN
-
 (i.e. trans to the imidazole ligand) has one 

vibrational mode A1 associated with it.  

The band at 2122 cm
-1 

is not strongly infrared active and appears with maximum 

intensity when the a* axis is collinear with the direction of polarization of the laser. Hence 

it can be assigned to the CNtrans A1 stretching mode. The bands at 2116 cm
-1

 and 2128 cm
-1

 

are assigned to A1 modes of the equatorial CN
-
 ligands, orthogonal and in the same plane 

of the imidazole, respectively. The bands at 2104 and 2108 cm
-1

 are assigned to the B1 and 

B2 modes of the CNeq and are the strongest bands in the infrared spectrum. The changes 

observed in solution compared with the solid state confirm the change in symmetry to C4v 

and implies that the orientation of the imidazole in the solid state is a consequence of the 
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crystal packing. Indeed, in bimetallic materials based on this building block the imidazole 

orientation has been found to vary considerably.
9
 

2.3.4- UV/Vis absorption spectroscopy 

The electronic absorption spectrum of complex 1 (Figure 2.12) shows two absorption 

bands at 277 and 268 nm, assigned to π  π* transition of the phenyl groups (Ph4P
+
) of 

the counter cation by comparison with the spectrum of Ph4PCl in acetonitrile. The three 

bands at 294, 356 and 410 nm with molar absorptivity of 2.2 × 10
3
, 1.05 × 10

3
 and 1.2 × 

10
3
 M

-1
 cm

-1
, respectively, are in agreement with earlier reports for related [Fe(CN)5im]

2-
 

complexes.
8
 The bands at 294 and 356 nm were assigned to the transitions involving only 

CN
-
 ligands by Shepherd and co-workers.

36
 The band at 410 nm has been assigned by 

Johnson et al.
8d

 as an imidazole based LMCT transition on the basis of the observed 

resonance enhancement of imidazole bands in the Raman spectra recorded at visible 

excitation wavelengths.
37

  

Although ligand field transitions are also expected to occur between 300 and 400 

nm,
38

 the bands around 400 nm wavelength were assigned as a charge transfer transition 

from imidazole to iron(III). These assignments were based on the sensitivity of the 

transition energies to the nature of substituent on the imidazole ligand.
39

 The shoulder at 

450 nm is weak in methanol and is absent in acetonitrile (Figure 2.12). This is in contrast 

to the broad absorption band at 475 nm reported for the other Na2[(CN)5Fe
III

imH]
 
or 

Na3[(CN)5Fe
III

im]
40

 complexes in water and the spectra obtained from solid state diffuse 

reflectance spectroscopy (Figure 2.12). The relative intensity of the shoulder at 450 nm 

compared with the main band at 410 nm band decreases in the order solid state > water > 

methanol > acetonitrile indicating a solvent sensitivity to the transition. This absorption 

band was assigned as charge transfer from imidazole to iron(III) (LMCT),
39

 however the 

solvent dependence and the solid state spectrum of 1 suggests that the hydrogen bonding to 

the CN groups, in particular the axial CN
-
 (trans to the imidazole) may be the controlling 

factor. In the solid state there exists a hydrogen bond between the axial CN
-
 ligand and the 

imidazole N-H of a neighboring molecule. In aprotic solvents, i.e. acetonitrile, such H-

bonding of the cyano ligands is not possible.
41
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Figure 2.12: Left: UV/Vis absorption spectrum of 1 in methanol (solid) and acetonitrile (dashed). 

Right: diffuse reflectance spectrum of 1 in diluted in BaSO4. 

In earlier studies it was noted that resonance enhancement of imidazole bands was not 

observed at 363.5 nm excitation indicating that the band was not imidazole based LMCT in 

origin.
37a

 In the present study the resonance Raman spectrum of 1 in CH3CN at 355 nm 

shows bands at 1588, 1548 and 1001 cm
-1

 assigned to the Ph4P
+
  cation and a strong band 

at 2122 cm
-1

 assigned to the CN stretching modes of 1 (Figure 2.13). This suggests that the 

band at 356 nm is CN � Fe LMCT in origin. 

 

Figure 2.13: Resonance Raman spectrum of 1 in CH3CN (solvent subtracted) (λexc 355 nm). The 

bands at 1588, 1548, 1494, 1098 and 1001 cm
-1

 can be assigned to the Ph4P
+
 ion. 

Addition of base (NaOH) to an acetonitrile solution of the complex results in a red-shifting 

of the band at 410 nm to 445 nm and a new broad band at 630 nm appears as is observed in 
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water (vide infra). It was possible to recover the initial spectrum by adding HNO3 however, 

addition of excess HNO3 resulted in a spectrum similar to that observed in water (Figure 

2.15). The appearance of this new band is comparable to what was reported in the 

literature,
19,23

 and assigned to deprotonation of the imidazole ligand; the two bands are 

assigned to imidazole π charge-transfer transitions. 

2.3.5- Linear dichroism (LD) spectroscopy  

An oriented single crystal of 1 was examined by LD spectroscopy (Figure 2.14). Due to the 

strong absorption of the crystal below 500 nm only the lowest energy electronic transition 

was examinable, which corresponds to the shoulder observed in the diffuse reflectance 

spectra (vide infra) and the absorption spectrum of the single crystal itself. The crystal was 

orientated so that it was rotated with the b* axis collinear to the direction of propagation of 

the monitoring beam. A strong LD signal was observed, which varied periodically with 

orientation orthogonal to the light-path. The band is assigned to an LMCT transition 

involving the imidazole ligand and which is enhance by intermolecular H-bonding between 

the axial cyano ligand and the imidazole N-H (Figure 2.14). The chain formed by this H-

bonding arrangement lies along the b* axis and hence the variation in LD intensity is in 

agreement with the band assignment band. 

 

 

Figure 2.14: Crystal orientation angle dependent LD spectra of a single crystal of 

(Ph4P)2[Fe(CN)5im]·2H2O (1) (at – top to bottom- the angles 50, 100, 150 and 190
o
). The b* axis 

of the crystal was held parallel to the direction of the beam.  
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2.3.6- Magnetic circular dichroism (MCD) spectroscopy. 

The effective magnetic moment of 1 was determined previously to be µeff = (8χMT)
1/2

 = 

1.71 µB, which is typical for low spin Fe
III

 (S=1/2) complexes.
9
 The low spin Fe

III
 state is 

confirmed by MCD spectroscopy with the magnetic field of the value 1.4 T and oriented 

either from S to N or from N to S (N = north, S = South) at room temperature (Figure 

2.15). As for the UV/Vis absorption spectrum, the MCD spectrum shows three main bands 

in the region between 300 and 600 nm. The more intense band centered at 410 nm, the 

medium band at 356 nm and the weakest band at 294 nm with an opposite sign compared 

to the others. Addition of base to an acetonitrile solution of the complex reduces the 

intensity of the bands which contrasts with the increase in intensity observed in the visible 

absorption spectrum. Addition of HNO3 results in the recovery of the initial spectrum with 

an additional shoulder at 450 nm similar to that observed in methanol and aqueous 

solutions. 

 

 

Figure 2.15: MCD spectra (top) and UV/Vis absorption (bottom) of left: 

(Ph4P)2[Fe(CN)5im]·2H2O (1) in acetonitrile, and right: in acetonitrile (thick line), with addition of 

NaOH (dotted line) and HNO3 (thin line).  

In methanol (Figure 2.16), the absorption spectrum is broadened with considerable 

absorption between 450 and 500 nm. The MCD spectrum changes concomitantly, however, 

both UV-Vis absorption and MCD spectra of 1 in methanol are unaffected by addition of 

HNO3. Hence the shoulder in the absorption spectrum is not due to protonation of 1 but 

rather to hydrogen bonding between the solvent and cyano ligands, possibly analogous to 

that observed for single crystals of 1. 
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Figure 2.16: MCD spectra (top) and UV-visible absorption (bottom) of (Ph4P)2[Fe(CN)5im]·2H2O 

(1) in acetonitrile (thick line), plus addition of HNO3 (dashed line) and 1 in MeOH (thin line). The 

magnetic oriented from S to N. 

2.3.7- Electron paramagnetic resonance spectroscopy 

The single crystal X-band EPR spectra of 1 were recorded at 115 K by rotating the single 

crystal around the a, b, c axes of the unit cell. The g-value for 1 was found to be 

anisotropic varying according to the crystal orientation as shown in figure 2.17 with g1, g2 

and g3 equal to 1.723, 2.395 and 2.574, respectively. The parameters g1 and g3 are the 

minimum and the maximum values obtained at the angles π/2 and π/8, respectively (with 

an arbitrary y axis of rotation). The g-factor is maximal in an axial octahedral crystal field 

symmetry; hence g1, g2 and g3 are assigned as gx, gy and gz, respectively, with gz parallel to 

the z axis which is associated with the Fe-N(imidazole) bond in the complex ion. These g-

values are in agreement with those reported for the low spin Fe
III

 complex 

Na2[Fe(CN)5NH3]· 2H2O.
42

 The signal shows unresolved hyperfine splitting at lower field 

(1500 G) ascribed to the short relaxation times of spin-spin mechanisms enhanced by short 

range dipole-dipole (Fe-Fe) interactions.
43
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Figure 2.17: X-band EPR spectra of 1 at 115 K (υ = 9.509909 GHz): (left) rotation around y axis, 

( ) π/2 and (  ) π/8; (right) rotation around x axis, ( ) π/2 and ( ) π. 

2.3.8-
 57

Fe Mössbauer spectroscopy 

57
Fe Mössbauer spectra of Na3[Fe

II
(CN)5en]·5H2O (2) and (PPh4)2[Fe

III
(CN)5(im)]

.
2H2O 

(1) at 80 K and at 293 K are shown in figure 2.18. The values for the Mössbauer 

parameters were obtained by least-squares fitting of the spectra. An isomer shift of δ = -

0.003(2) mm.s
-1

 and a quadrupole splitting ∆ΕQ = 3.035(4) mm.s
-1

 at 80 K and an isomer 

shift δ = -0.076(2) mm.s
-1

 and a quadrupole splitting ∆ΕQ = 2.676(4) mm.s
-1

 at 293 K are 

observed. Overall, these data are in agreement with magnetic and structural data. In 

particular, the large and temperature dependent value of ∆ΕQ together with the low isomer 

shift value are typical of low spin Fe
III

. The quadrupole splitting values of this compound 

are however higher than the theoretical upper limit value 2.54 mm/s for (CN)5FeL
2-

 

complexes, as predicted by Golding.
44

 With other counterions, for example, 

Ca[Fe
III

(CN)5im] and Zn[Fe
III

(CN)5im] ∆ΕQ = 2.35 and 2.40 mm.s
-1

 are observed, 

respectively.
45

 ∆ΕQ is also sensitive to the nature of the countercation and the higher ∆ΕQ 

value of 1 could be due to the large counter-ion (tetraphenylphosphonium ion).  

At 80 and 293 K the Mössbauer spectra of compound 2 are almost identical and the 

signal corresponds to a quadrupolar doublet. The parameters found at 80 K are an isomer 

shift δ = 0.0868(6) mm.s
-1

 and a quadrupole splitting ∆ΕQ = 0.665(1) mm.s
-1

 whereas at 

293 K these parameters are for isomer shift δ = 0.0142(7) mm.s
-1

 and a quadrupole 

splitting ∆ΕQ = 0.675(2) mm.s
-1

. These parameters are typical of low spin Fe(II) especially 

the (relatively) small and temperature-independent quadrupole splitting value. 
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Figure 2.18:  
57

Fe Mössbauer spectra of 1 (left) and 2 (right). 

2.4- Conclusion 

In this chapter the electronic and vibrational properties of the complex 

(PPh4)2[Fe
III

(CN)5im]·2H2O (1) are described and compared with data obtained for the 

complex in protic and aprotic solvents. A key finding of importance to the use of 1 as a 

building block in bimetallic magnetic materials is the role played by the hydrogen bonding 

to the cyano ligands as well as steric factors imposed by the crystal lattice in determining 

the specific electronic and magnetic properties of 1. The use of a bulky counterion (Ph4P
+
) 

allows for a reduction in the intermolecular interactions between the cyano complexes in 

the solid state which is seen in the Mössbauer spectra where the quadrupole splitting is the 

highest observed thus far for the [Fe
III

(CN)5im]
2-

 unit. The detailed analysis of the 

vibrational spectra of 1 together with 
13

C isotope labeling is expected to be of considerable 

value in the study of magnetic materials built from the [Fe
III

(CN)5im]
2-

 for which single 

crystal X-ray data is not available. Furthermore the role of hydrogen bonding to the CN
-
 

ligands should not be underestimated as a controlling factor in determining the properties 

of the Fe-imidazole building block. 
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