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The self-assembly of [W(CN)8]
4� with cis-[CoIII(N4)Cl(OH2)]

2� {N4 = trien = triethylenetetraamine and tren =
tris(2-aminoethylene)amine} in aqueous solution generates supramolecular assemblies: K2[CoIII(trien)]2[W

IV(CN)8]2�
8H2O�EtOH (1) and K2[CoIII(tren)]2[W

IV(CN)8]2�9H2O (2). The crystal structure of 2 has been determined. The
Co() and W() centres linked alternatively by single cyano bridge afford {[Co(tren)]2[W(CN)8]2}

2� square units
joined by potassium ions into the bilayer structure. The products exhibit metal-to-metal charge-transfer (MMCT)
transitions at 519 nm (1) and 512 nm (2) in aqueous solution. The self-assembly of [W(CN)8]

4� and cis-[CoIII(trien)-
Cl(OH2)]

2� into the tetranuclear square {[Co(trien)]2[W(CN)8]2}
2� proceeds by two parallel reaction pathways

with the rate law d{[Co(N4)]2[W(CN)8]}/dt = ka[Co(N4)]
2[W(CN)8] � kb[Co(N4)][W(CN)8] � k�b[Co(N4)] where

ka = 4.89 × 102 dm6 mol�2 s�1, ∆H ≠ = 46 kJ mol�1, ∆S ≠ = �38 J K�1 mol�1; kb = 2.14 × 10�1 dm3 mol�1 s�1, ∆H ≠ =
121 kJ mol�1, ∆S ≠ = �149 J K�1 mol�1; k�b = 0.66 × 10�3 dm3 mol�1 s�1, ∆H ≠ = 68 kJ mol�1, ∆S ≠ = �77 J K�1 mol�1

(T  = 25 �C, pH = 2 (HCl � KCl), I = 0.5 mol dm�3). The ka pathway corresponds to the ion-triplet {CoIII,WIV,CoIII}
formation followed by rate-determining outer-sphere electron transfer, subsequent fast substitution by [W(CN)8]

4�

and spontaneous back electron transfer to give Co2
IIIW2

IV, whereas the kb pathway is consistent with the rate-
determining reversible cyano bridged dimer formation within an ion-pair {CoIII,WIV} followed by inner-sphere
electron transfer, fast aggregation and spontaneous back electron transfer to give the final Co2

IIIW2
IV product.

Introduction
The crystal engineering of cyano bridged supramolecular
coordination architectures based on octacyanometallate(,)
(M = Mo and W) molecular building blocks is currently an area
of extensive research. The driving force for the research in this
field is the generation, by deliberate design, of functional
molecular networks with predetermined structures and poten-
tial for technologically useful molecule-based electronic,
magnetic and photomagnetic applications.

The self-assembly strategies for the formation of supra-
molecular assemblies employing [M(CN)8]

n� and cationic 3d
metal complexes with labile coordination sites are very limited.1

In the metal-directed self-assembly of molecular squares, cubes
and isolated molecules cis-protected octahedral complexes of
transition metals have been employed.1a,b,f,k We have success-
fully used this strategy to synthesise hexanuclear cluster {[Mn-
(bpy)2]4[M(CN)6]2}�14H2O (M = Mo, W) 1b and pentanuclear
high-spin molecule [Mn(bpy)2][Mn(bpy)2(H2O)]2[W(CN)6]2�
7H2O

1k based on cis-[Mn(bpy)2(H2O)2]
2�.

In spite of a few synthetic strategies of the self-assembly pro-
cesses, no attempts have been made to postulate a mechanistic
pathway. The gaining of knowledge on the mechanism of the
self-assembly process from octacyanometallates and cationic
metal centres is of crucial importance in the rational develop-
ment of new strategies for the crystal engineering of their
coordination networks.

In an effort to extend the discrete cluster chemistry based on
octacyanometallates, we have employed two isomeric cis-[CoIII-
(N4)Cl2]

� (N4 = aliphatic tetramine) complexes: cis-α-[Co(trien)-
Cl2]

� (trien = triethylenetetramine) and cis-[Co(tren)Cl2]
�

(tren = tris(2-aminoethyl)amine) for the self-assembly with

† Electronic supplementary information (ESI) available: the distances
(Å) and angles (�) of possible hydrogen bonds for K2{[CoIII(tren)]2-
[WIV(CN)8]2}�9H2O (2); rate constants and activation parameters for
the reaction of cis-α-[Cr(trien)Cl(OH2)]

2� with [W(CN)8]
4� in aqueous

solution. See http://www.rsc.org/suppdata/dt/b2/b210669h/

[W(CN)8]
4�. The synthetic strategy is relying on the formation

of Co–NC–W linkage via substitution of labile ligands by
nitrogen end of cyanide. The tetradentate aliphatic tetramine
ligand blocks four coordination sites on pseudo-octahedral
Co() centre, preventing growth of the infinite polymeric
structure.

Here, we report the synthesis and characterisation of tetra-
nuclear {[Co(tren)]2[W(CN)8]2}

2� square units bridged by
potassium ions into a 2D bi-layer K2{[CoIII(tren)]2[W

IV-
(CN)8]2}�9H2O array of MMCT characteristics. In order to
understand the mechanism of the self-assembly of the tetra-
nuclear square, we have studied the kinetics of the reaction of
cis-[Co(trien)Cl2]

� with [W(CN)8]
4� in aqueous solution.

Experimental
All the chemicals used in the present study were purchased from
Aldrich and used as received. The cis-α-[Co(trien)Cl2]Cl 2,3

(hereafter named cis-[Co(trien)Cl2]Cl) and K4[W(CN)8]�2H2O 4

were prepared by the reported procedures. The elemental analy-
ses of the compounds were consistent with their formulas. The
[Co(tren)Cl2]Cl was obtained by the modified literature pro-
cedure.5 A 9 ml portion of 30% H2O2 in 40 ml of water was
added slowly with constant stirring to an ice-cold solution of
9.5 g (40 mmol) of CoCl2�6H2O and 6 ml of tren (45 mmol) in
150 ml of H2O. Then 50 ml of 3 M HCl was added to the
solution. The final solution was evaporated on a steam bath
until the product started to precipitate. The solution was cooled
down in ice bath. Dark violet crystals were filtered off and
washed in a small amount of cold water and ethanol. The pur-
ity of compound was checked by microanalysis. Anal. Calcd.
for [Co(C6H18N4)Cl2]Cl�H2O: C, 21.87; N, 17.00; H, 6.12.
Found: C, 21.86; N, 16.66; H, 6.07.

Synthesis of K2[CoIII(trien)]2[W
IV(CN)8]2�8H2O�EtOH (1)

The equilibrated aqueous solution of cis-α-[Co(trien)Cl(OH2)]-
Cl was prepared by dissolving the solid cis-α-[Co(trien)Cl2]ClD
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(124 mg, 0.4 mmol, 10 ml) in water and left until the aquation
of the first Cl� ligand was complete. Then it was mixed with
K4[W(CN)8]�2H2O (234 mg, 0.4 mmol, 10 ml) aqueous solu-
tion. The resulting deep red solution was left for two hours for
the completion of reaction. Then, ethanol was added drop-wise
to the solution until the red–purple oil has appeared as the
separate layer. The crude oil was purified by dissolving in small
amount of water and subsequent addition of ethanol. The
purifying procedure was repeated five times and finally the red–
purple oil was solidified by the addition of acetone. The solid
product was collected by suction filtration and dried in a
desiccator over silica gel. All attempts to obtain single crystals
were unsuccessful. Anal. Calcd. for K2{[CoIII(C6H18N4)]2[W

IV-
(CN)8]2}�8H2O�EtOH: C, 24.63; N, 22.98; H, 4.00. Found: C,
24.55; N, 23.02; H, 4.03.

Synthesis of K2[CoIII(tren)]2[W
IV(CN)8]2�9H2O (2)

An equimolar aqueous solutions of [Co(tren)Cl2]Cl (124 mg,
0.4 mmol, 30 ml) and K4[W(CN)8]�2H2O (234 mg, 0.4 mmol,
30 ml) were mixed together. The solution became deep red and
brown solid started to precipitate after a few minutes. After two
hours the reaction mixture was separated into brown solid and
filtrate. The solid was washed with distilled water and ethanol
and air dried. Microanalysis: Calcd. for K2[CoIII(C6H18N4)]2-
[WIV(CN)8]2�9H2O: C, 23.44; N, 23.43; H, 3.79. Found: C,
23.55; N, 23.40; H, 3.66. The filtrate was used to grow single
crystals. Single crystals of K2{[CoIII(tren)]2[W

IV(CN)8]2}�9H2O
were grown by slow diffusion of EtOH vapour into the filtrate.
After one month the deep brown crystals were collected and
washed with EtOH and air-dried. The composition of single
crystals has been established by X-ray crystallography. The
compound is sparingly soluble in water and polar organic
solvents.

Kinetic measurements

Kinetics measurements were performed by using conventional
mixing technique in the tandem quartz cells. The kinetics
of the aggregation reaction of cis-[Co(trien)Cl(OH2)]

2� with
[W(CN)8]

4� were measured on a Shimadzu 2101 PC spectro-
photometer equipped with a thermoelectrically controlled cell
holder CPS 60. The progress of the reaction was monitored by
following the change of absorbance at 550 nm. All the meas-
urements were carried out under pseudo-conditions with the
excess of [W(CN)8]

4� over the cis-[Co(trien)Cl(OH2)]
2� com-

plex. The rate constants were determined from the average of
two or three replicate experiments. The reaction temperature
was maintained to within 0.1 �C over the range 10–30 �C. The
ionic strength I of the reaction solutions was maintained at
0.5 mol dm3 with added potassium chloride, and the pH of the
solutions was controlled in the pH range 2–9 using universal
buffer solutions consisting of phosphoric, acetic and boric acid
and KOH.6 The rate constants were obtained by numerical fit-
ting of appropriate kinetic curves. Calculations were performed
by the application of the kinetics-modelling procedure included
in the Specfit® software package.7 The stock solutions of the
cis-[Co(trien)Cl(OH2)]

2� ion were prepared by dissolving the
solid cis-[Co(trien)Cl2]Cl in the appropriate aqueous buffered
solutions and left overnight until the aquation of the first Cl�

ligand was complete. The stock solutions were controlled before
each series of kinetics measurement by means of UV-VIS
spectra.3a,b

Physical measurements

UV-visible spectra were measured on a Shimadzu 2101 PC
spectrophotometer. The overall equilibrium constant β of
the reaction of cis-[Co(trien)Cl(OH2)]

2� with [W(CN)8]
4� and

molar absorbance coefficient (εmax) of the {[CoIII(trien)]2[W
IV-

(CN)8]2}
2� product were determined from the set of spectra by

the Job method. The calculations were performed by using a
least squares fitting routine included in the Specfit software
package.7 The IR spectra were measured on a Bruker model
FT-IFS 47 spectrometer in KBr pellets. The cyclic voltammetry
measurements were performed with multipurpose electro-
chemical analyser EA9 (MTM). A standard three-electrode
configuration with Pt working and counter electrode and Ag/
AgCl reference electrode was used. Mass spectra measurements
were performed with Electrospray Ionisation Mass Spectro-
meter (ESMS) Finnigan MAT 95S double focusing instrument
with reversed geometry, BE (B = magnetic field and E = electric
field). Spectra were taken in a positive ion mode using magnetic
scan over the m/z range from 250 to 2000. The scan speed was
set to 5 s decade�1 and standard settings of cone voltage and the
lenses were as follows: cone voltage 2.5 kV; heated capillary
�10 V; skimmer �1.5 V and octapole �4 V. The source was
optimised on the double charged peak of gramicidin S at m/z of
571.3. The sample was dissolved in a mobile phase consisted of
30% MeOH in water supplemented with 0.1% formic acid. The
flow rate was maintained at 30 µl min�1 and samples were
injected via a Rheodyne injector equipped with a 5 µl loop.

Crystallography

The X-ray diffraction data were collected at room temperature
on a Nonius Kappa CCD diffractometer using Mo-Kα
radiation (λ = 0.7107 Å). The diffraction pattern for all tested
crystals showed that they are non-merohedral twins. For data
collection we have chosen the speciment of size 0.2 × 0.2 ×
0.1 mm that showed the smallest contribution from additional
diffraction pattern. The Denzo-Scalepack 8 program package
was used for cell refinement and data reduction. A multi-scan
absorption correction based on equivalent reflections was
applied to the data. The structure was solved by the Patterson
method (SHELXS-97) 9 and subsequent Fourier analyses.
Anisotropic displacement parameters were applied to non-
hydrogen atoms in full-matrix least-squares refinement based
on F 2 using (SHELXL-97).9 The hydrogen atoms of tren mole-
cules were located in their calculated positions and refined using
a riding model with isotropic displacement factors. Water
hydrogens were not included in the refinement. The highest
peak on difference Fourier map is located 1 Å from W2 atom.
Crystal data for 2: C28H54N24O9Co2K2W2, M = 1434.72, tri-
clinic, space group P1̄, Z = 2, a = 11.7830(2) Å, b = 13.0640(2)
Å, c = 16.4650(2) Å, α = 84.770(1)�, β = 83.429(1)�, γ =
88.595(1)�, V = 2507.1(1) Å3, µ = 5.460 mm�1. The final factors
R1 = 0.0978 and wR2 = 0.2612 have high values due to twinning,
however the quality of the structure is adequate to allow com-
parison of metal–ligand bond lengths and angles.

CCDC reference number 196411.
See http://www.rsc.org/suppdata/dt/b2/b210669h/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

Crystal structure of K2{[CoIII(tren)]2[W
IV(CN)8]2}�9H2O

The crystal structure of K2{[CoIII(tren)]2[W
IV(CN)8]2}�9H2O

consists of tetranuclear {[CoIII(tren)]2[W
IV(CN)8]2}

2� square
units, potassium ions and H2O molecules. The symmetrically
independent part of the structure with the atom labelling
scheme is given in Fig. 1 and the selected bond lengths and
angles are listed in Table 1. The tetranuclear unit consists of
alternating [CoIII(tren)] and [WIV(CN)8] corners. The diagonal
dimensions of the tetramer are 7.92 and 6.63 Å for the W1–W2
and Co1–Co2 diagonals, respectively. Each W atom has eight
cyano ligands arranged in a slightly distorted square anti-
prismatic geometry (D4d). Four of the W(1) and three of the
W(2) ligands form cyano-bridges between W, Co and K ions.
Within experimental error, there are no dimensional differences
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Table 1 Selected bond lengths (Å) and angles (�) for K2{[CoIII(tren)]2[W
IV(CN)8]2}�9H2O (2) a

W(1)–C(11) 2.128(12) W(2)–C(21) 2.163(14)
W(1)–C(12) 2.144(16) W(2)–C(22) 2.130(13)
W(1)–C(13) 2.161(14) W(2)–C(23) 2.132(15)
W(1)–C(14) 2.134(16) W(2)–C(24) 2.102(16)
W(1)–C(15) 2.170(15) W(2)–C(25) 2.176(15)
W(1)–C(16) 2.140(15) W(2)–C(26) 2.139(15)
W(1)–C(17) 2.184(15) W(2)–C(27) 2.175(15)
W(1)–C(18) 2.150(14) W(2)–C(28) 2.174(16)
    
C(11)–W(1)–C(18) 72.9(5) C(21)–W(2)–C(22) 73.3(5)
C(16)–W(1)–C(17) 72.7(7) C(26)–W(2)–C(28) 70.7(7)
C(17)–W(1)–C(18) 73.9(6) C(21)–W(2)–C(28) 73.3(6)
C(11)–W(1)–C(16) 143.6(6) C(22)–W(2)–C(26) 144.1(7)
    
Co(1)–N(18) 1.896(12) Co(2)–N(11) 1.905(10)
Co(1)–N(22) 1.919(12) Co(2)–N(21) 1.904(11)
Co(1)–N(30) 1.934(13) Co(2)–N(40) 1.955(12)
Co(1)–N(31) 1.934(10) Co(2)–N(41) 1.939(10)
Co(1)–N(34) 1.953(12) Co(2)–N(44) 1.955(14)
Co(1)–N(37) 1.965(13) Co(2)–N(47) 1.953(14)
    
N(18)–Co(1)–N(22) 90.6(5) N(11)–Co(2)–N(21) 91.4(5)
    
K(1)–O(1) 2.76(2) K(2)–O(3) 2.77(2)
K(1)–O(2) 2.76(2) K(2)–O(5) 2.83(2)
K(1)–O(3) 2.68(2) K(2)–O(7) 2.81(2)
K(1)–O(4) 3.17(2) K(2)–O(6) 3.09(2)
K(1)–N(26) 3.18(2) K(2)–N(28) 2.93(2)
K(1)–N(16)#1 2.82(2) K(2)–N(12)#2 3.34(2)
K(1)–N(15)#2 2.94(2) K(2)–N(17)#3 2.79(2)
    
O(3)–K(1)–N(26) 67.3(7) O(3)–K(2)–N(28) 67.5(7)
O(3)–K(1)–N(16)#1 149.2(8) O(3)–K(2)–N(17)#3 129.4(8)
N(16)#1–K(1)–N(26) 137.9(7) N(17)#3–K(2)–N(28) 141.5(8)

a Symmetry operations used to generate equivalent atoms — #1: x, y � 1, z� 1; #2: �x, �y � 1,�x � 1; #3: x, y, z � 1. 

between the mean values for the bridging and terminal cyano
ligands. The W–C and C–N bond distances of 2.15(2) and
1.15(2) Å, respectively, are in range of typical for other, isolated
and bridging, octacyanotungstates().1b,d,g,j–l,11 The bridging
CN ligands exhibit almost linear W–C–N units (maximum
deviation from linearity of 5�) and slightly bent Co–N–C units
with the angles ranging from 166(1) to 173(1)�. The hexa-
coordinate Co atoms present a distorted octahedral geometry.
The bond lengths and angles in the [Co(tren)]2� unit are typical
for polyamine CoIII complexes.12 Two cis positions in
[Co(tren)(NC)2]

� moiety are occupied by the nitrogen atoms of
the cyanide bridging groups with the average distance Co–N
(CN) of 1.91(1) Å. The square {[Co(tren)]2[W(CN)8]2}

2� units
connected by potassium ions coordinating cyano groups form
two-dimensional layers parallel to the (100) plane (Fig. 2). The

Fig. 1 An ORTEP 10 drawing of the asymmetric unit of the crystal
structure of K2{[CoIII(tren)]2[W

IV(CN)8]2}�9H2O.

coordination spheres of both potassium ions are significantly
different. The K(1) ion is seven coordinate with four water
molecules and three cyano ligands while the K(2) ion is
coordinated by four water molecules and two cyano ligands.
The higher than usually observed coordination number of K(1)
forces N(26) and O(4) atoms to be at distances 3.18 and 3.17 Å
respectively, longer than for other donor atoms. Also, in the
K(2) coordination sphere the distance to water O(6) is 3.09 Å,
longer than typical. The average distance for the other K–N
is 2.87(7) Å, C–N–K angles are in the range from 148 to 164�,
and are comparable to those found for other cyano bridged

Fig. 2 An ORTEP 10 drawing along [100] direction of the layer
topology of K2{[CoIII(tren)]2[W

IV(CN)8]2}�9H2O. Only the bridging
cyano groups are shown for clarity. The upper layer is black, the bottom
layer is grey.
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potassium ions,13,14 while the average distance for other waters
is 2.77(5) Å. The water molecule O(3) bridges both potassium
ions. An additional two crystalline water molecules are not
coordinated by any metal ion. The given layer and neighboring
layer related by (�x, �y � 1, �z � 1) symmetry are linked in
pairs by cyano group CN(15) coordinating to potassium K(1).
That results in formation of bilayers connected by centro-
symmetric square units made of K(1) and W(1) bridged by
cyanide groups (Fig. 3). Layers are also linked by hydrogen
bonds between NH2 groups of the tris(2-aminoethylene)amine
ligand and terminal cyano groups with distances between
donor and acceptor in the 2.903–3.074 Å range. The hydrogen
atoms of water molecules were not determined, however dis-
tances from oxygen atoms to cyanide nitrogens and other oxy-
gens indicate that, except for bridging O3, all molecules of
water are involved in the formation of a hydrogen bond net-
work. Distances between donor and acceptor are in the range
of 2.724–3.050 Å. Details of hydrogen bond geometries are
available as ESI (Table S1).† Water molecules O11 and O12 posi-
tioned between bi-layers contribute to formation of hydrogen
bonds that link bi-layers together and are different from those
observed within bi-layers. We conclude that the crystal struc-
ture should be considered as build from bi-layers rather than
single layers.

Electrospray ionisation mass spectrum of
K2[CoIII(trien)]2[W

IV(CN)8]2�8H2O�EtOH (1)

The ESI MS mass spectrum of 1 in aqueous solution (Fig. 4)
shows major peaks at m/z 675.2 and 1310.8 that can be assigned
to pseudomolecular doubly charged {2K� � K2[CoIII(trien)]2-
[WIV(CN)8]2}

2� and singly charged {K� � K2[CoIII(trien)]2-
[WIV(CN)8]2}

� ions and a signal at m/z 586.9 that can be
attributed to the singly charged {K� � K4[W(CN)8]}

� ion. The
two bands at m/z 948.5 and 993.4 can be assigned to a multi-
charged clusters {2K� � 2(K2[CoIII(trien)]2[W

IV(CN)8]2) �
K4[W(CN)8]}

2� and {4K� � 3(K2[CoIII(trien)]2[W
IV(CN)8]2)}

4�.
All peaks connected with the product feature the isotopic
pattern of tungsten natural isotopic pattern (180W 0.12%, 182W
26.49%, 183W 14.30%, 184W 30.64%, 186W 28.42%). The ESI MS
of 1 strongly suggests that K2[CoIII(trien)]2[W

IV(CN)8]2�8H2O�

Fig. 3 A view of the layer arrangement in the structure of 2. The water
molecules were omitted for clarity. The view is along the [010] direction.

Fig. 4 The electrospray mass spectrum of {[CoIII(trien)]2[W
IV-

(CN)8]2}
2� (1).

EtOH dissolved in water contains the {[CoIII(trien)]2[W
IV-

(CN)8]2}
2� building unit. The integrity of the {[CoIII(trien)]2-

[WIV(CN)8]2}
2� complex ion is retained in large part in the posi-

tive ion ESI MS at low cone voltage.

Electrochemistry

The cyclic voltammograms of K2[CoIII(trien)]2[W
IV(CN)8]2�

8H2O�EtOH (1) and K2[CoIII(tren)]2[W
IV(CN)8]2�9H2O (2)

recorded in aqueous solution (0.1 M KCl) are shown in Fig. 5.
In both systems two W()-centred one-electron oxidation
waves versus Ag/AgCl electrode are observed. The first oxid-
ation is reversible [E 1

½ = 0.33 V, ∆Ep = 56 mV, ipa ≈ ipc for 1 and
E 1

½ = 0.35 V, ∆Ep = 54 mV, ipa ≈ ipc for 2]. The second oxidation
is quasi-reversible [E 2

½ = 0.67 V, ∆Ep = 120 mV, ipa ≈ ipc for 1
and E 2

½ = 0.68 V, ∆Ep = 110 mV, ipa ≈ ipc for 2 over scan rate
10–250 mV s�1]. Cyclic voltammetry on {[CoIII(N4)]2[W

IV-
(CN)8]2}

2� systems identifies two one-electron [W(CN)8]
3�/4�

redox processes and representing stepwise oxidation of the two
WIV centres. The observed splitting of redox waves conforms to
the analogue phenomenon in symmetrical bridged binuclear
and trinuclear cyano-bridged complexes.15–17 The separation by
∆E½(1,2) ≈ 0.34 V between the two oxidants shows strong
electronic coupling of W sites. The broadening of the second
wave shows the influence of bound CoIII centre on the
[WIV(CN)8]

4�/3� redox couple. The bridging unit –CN–CoIII(L)–
NC– is revealed to be efficient linkage for W sites interaction
due to the dπ(M)–pπ(CN) bonding system.18 Moreover, an
additional irreversible reduction wave observed at 0.51 V for 1
and 2 is due to reduction of CoIII site. Reversibility of the
CoIII/II couples is dependent on the electrode used and the nature
of the blocking ligand.15 The isolated [CoIII/II(N4)Cl2]

� couples
show irreversibility (E½ = �0.51 V vs. Ag/AgCl at Pt-electrode in
DMSO with 0.2M Bu4N�PF6) with complete loss of anodic wave
at a scan rate up to 200 mV s�1.

Spectroscopic characterisation

The visible aqueous solution electronic spectra of K2[CoIII-
(trien)]2[W

IV(CN)8]2�8H2O�EtOH (1) and K2[CoIII(tren)]2-
[WIV(CN)8]2�9H2O (2) featuring three bands are presented in
Fig. 6. Spectral deconvolution analysis of the {[CoIII(trien)]2-
[WIV(CN)8]2}

2� spectrum shows the presence of four bands. The
lowest energy bands at 519 nm (1) and 512 nm (2) are assigned
to the WIV  CoIII MMCT transition. The band at 430 nm
of [CoIII(N4)]2[W

IV(CN)8]2
2� may be accounted for by the

superposition of LF bands characteristic of [W(CN)8]
4� 1g and

[CoIII(N4)(NC)2]
� 15,19,20 moieties. The band at 355 nm can be

ascribed to the superposition of LF and MLCT transitions
of [W(CN)8]

4� and [W(CN)8]
3�,21 respectively, and finally the

307 nm band is characteristic of MLCT transition of
[W(CN)8]

3�.21,22c LF bands of [CoII(N4)(NC)2] have been not

Fig. 5 The cyclic voltammograms of K2{[CoIII(tren)]2[W
IV(CN)8]2}

(top) and K2{[CoIII(trien)]2[W
IV(CN)8]2} (bottom) in 0.1 mol dm�3 KCl.
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included into the deconvolution procedure because of their
very low intensities.23 The presence of WV band suggests small
charge delocalisation between WIV and CoIII centres resulting in
the existence of electronic isomers {[CoIII(N4)]2[W

IV(CN)8]2}
2�

and {[CoII(N4)]2[W
V(CN)8]2}

2�.22 Small shifts in the band ener-
gies and changes in the intensities of the bands compared to the
isolated [W(CN)8]

4� and [W(CN)8]
3� ions can be attributed to

the effect of coordination of W–CN to CoIII centre, resulting in
the decrease of their symmetry, and charge delocalisation. This
conforms to the spectroscopic characterisation of mixed-
valence {[PtIVL4][MoIV(CN)8]2}

4� system.1g The oxidation of
{[CoIII(trien)]2[W

IV(CN)8]2}
2� to {[CoIII(trien)]2[W

V(CN)8]2}
�

with S2O8
2� 15 (Fig. 7) leading to an increase in the intensity of

the 355 nm band (MLCT of [W(CN)8]
3�) 1g and a decrease

in the intensity of the 519 nm band confirms the MMCT char-
acter of the 519 nm transition. The application of the
Hush model 24 to the experimental MMCT band data (Table 2)
gives α2 and Hif values of 5.3 × 10�3 and 1383 cm�1 (1), and
5.6 × 10�3 and 1468 cm�1 (2). The determined α2 and Hif

values are consistent with those obtained for localised mixed-
valence cyano bridged complexes [(bpy)2Cr(µ-NC)2M(CN)6]

�

(M = Mo, W),25–28 but significantly higher than for [(NH3)5-
Os(µ-NC)M(CN)7]

�.15,29–31

The νCN region in the IR spectra reveals two broad bands at
2113(vvs) and 2150(vs) cm�1 for 1 and 2118(vvs) and 2150(vs)

Fig. 6 The electronic spectra of aqueous solutions of {[CoIII-
(trien)]2[W

IV(CN)8]2}
2� (ctot = 5.4 × 10�4 mol dm�3) and its spectral

deconvolution. Inset: the electronic spectra of aqueous solutions of
{[CoIII(tren)]2[W

IV(CN)8]2}
2� (ctot = 4.4 × 10�4 mol dm�3).

Fig. 7 The spectral changes during the oxidation of {[CoIII-
(trien)]2[W

IV(CN)8]2}
2� by saturated aqueous solution of S2O8

2� (ctot =
3.7 × 10�4 mol dm�3). The arrows indicate the direction of changes. The
time intervals between each spectrum were 120 s.

cm�1 for 2. The bands of energy lower than 2140 cm�1 are
characteristic of the terminal νCN in the isolated octacyano-
tungstate() ion. The higher frequency band at 2150 cm�1

for 1 and 2 is assigned to bridging νCN, in agreement with the
dominant kinematic effect, which results in constraints on
the motion of CN� and increase of νCN.1b,d,e,g,i–k,11

Kinetics

The self-assembly of the tetranuclear {[CoIII(N4)]2[W
IV-

(CN)8]2}
2� square has been performed by employing two cis-

[Co(N4)Cl2]
� isomers, differing in reactivity. The completion

of the reaction of cis-[Co(trien)Cl(OH2)]
� with [W(CN)8]

4�

requires five hours, affording the {[CoIII(trien)]2[W
IV(CN)8]2}

2�

square, which can be precipitated as soluble K2{[CoIII(trien)]2-
[WIV(CN)8]2}�8H2O�EtOH (1). The product of the reaction of
cis-[Co(tren)Cl2]

� K2{[CoIII(tren)]2[W
IV(CN)8]2�9H2O (2), how-

ever, starts to precipitate immediately. Formation of the {[CoIII-
(tren)]2[W

IV(CN)8]2}
2� tetranuclear square was confirmed by

X-ray crystallography. The formation of the {[CoIII(trien)]2-
[WIV(CN)8]2}

2� tetranuclear square was confirmed by identical
electrochemical behaviour, identical spectra and spectroscopic
characteristics of both {[CoIII(N4)]2[W

IV(CN)8]2}
2� species.

Moreover, the ESI MS strongly suggest the formation of
{[CoIII(trien)]2[W

IV(CN)8]2}
2� square as the stable product.

The kinetics of the self-assembly of the {[CoIII(trien)]2-
[WIV(CN)8]2}

2� unit was studied under pseudo-conditions with
the excess of [W(CN)8]

4� over cis-[Co(trien)Cl(OH2)]
2� com-

plex. The stoichiometry of formation of the {[CoIII(trien)]2-
[WIV(CN)8]2}

2� [eqn. (1)] has been established by the Job
method combined with a least-square fitting routine applied
also to determine overall equilibrium constant β:

The Co : W = 2 : 2 stoichiometry of the product of the
aggregation reaction conforms to the fundamental building
square unit {[CoIII(trien)]2[W

IV(CN)8]2}
2�. The relatively high

log β value of 8.72 indicates that cis-[Co(trien)Cl(OH2)]
2� self-

assembles with [W(CN)8]
4� giving a stable square unit structure.

The kinetic data exhibit biphasic behaviour (Fig. 8). The least
square fitting routine and application of kinetics modelling
procedure included in the Specfit® software package 7 reveals
that the reaction proceeds through two parallel pathways:
second-order dependence in [CoIII] pathway (kobs

I) and first-
order dependence in [CoIII] pathway (kobs

II) [eqn. (2)].

(1)

Fig. 8 Bottom: a typical plot of two-step kinetics of the substitution
reaction cis-[Co(trien)(OH2)(Cl)]2� by [W(CN)8]

4� ions. Top: the plot of
difference between experimental and fitted curves, [Co(trien)-
(OH2)(Cl)]2� = 1.0 × 10�3 mol dm�3, [W(CN)8]

4� = 8.99 × 10�3 mol
dm�3, pH = 2, I = 0.5 mol dm�3 (buffer � KCl), T  = 30 �C, λ = 550 nm.
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Table 2 The experimental spectroscopic data and Hush parameters for MMCT transitions in {[CoIII(N4)]2[W
IV(CN)8]2}

2�

Compound νmax/cm�1 εmax/dm3 mol�1 cm�1 ∆ν½, (∆ν½(calc))
a/cm�1 d/Å α2 (α2

(calc))
a/103 Hif/cm�1 Ref.

{[CoIII(trien)]2[W
IV(CN)8]2}

2� 19 000 1 233 5 200 (6155) 5.18 5.3 (6.2) 1 383 this work
{[CoIII(tren)]2[W

IV(CN)8]2}
2� 19 531 1 244 5617 (6214) 5.18 5.6 (6.2) 1 468 this work

WIVCrIII 17 794 2 160 5 890 5.3 15.9 2 248 23
MoIVCrIII 19 417 3 040 6 000 5.3 10.2 1 963 23
MoIVOsIII 15 670  995 3 430 5.2 3.4 (5.8) 915 24
WIVOsIII 13 945 1 460 3 340 5.2 5.5 (7.4) 1 030 24
a Values calculated from ∆ν1/2 = [2300 (νmax � ∆Eo)]1/2, ∆Eo = 8064, ∆E1/2

24 for ∆E1/2 = 0.34 V. 

The observed rate constants kobs and kobs
II show a linear

dependence on the concentration of [W(CN)8]
4� (Figs. 9 and

10). The value of kobs
II vs. [W(CN)8]

4� has the residual value at
zero [W(CN)8]

4� (k�b). The overall experimental rate equation
therefore holds [eqn. (3)].

The rate constants ka, kb, k�b and the activation parameters
∆H≠, ∆S ≠ derived from temperature dependence of the
appropriate rate constants are: ka = 4.89 × 102 dm6 mol�2 s�1,
∆H≠ = 46 kJ mol�1, ∆S ≠ = �38 J K�1 mol�1; kb = 2.14 × 10�1

(2)

(3)

Fig. 9 The plot of kobs
I versus [W(CN)8]

4� at 10 (�), 15 (�), 20 (�),
25 (�) and 30 �C (�); [Co(trien)(OH2)(Cl)]2� = 1.0 × 10�3 mol dm�3,
pH = 2, I = 0.5 mol dm�3 (buffer � KCl).

Fig. 10 The plot of kobs
II versus [W(CN)8]

4� at 10 (�), 15 (�), 20 (�),
25 (�) and 30 �C (�); [Co(trien)(OH2)(Cl)]2� = 1.0 × 10�3 mol dm�3,
pH = 2, I = 0.5 mol dm�3 (buffer � KCl).

dm3 mol�1 s�1, ∆H≠ = 121 kJ mol�1, ∆S ≠ = �149 J K�1 mol�1;
k�b = 0.66 × 10�3 dm3 mol�1 s�1, ∆H≠ = 68 kJ mol�1, ∆S ≠ =
�77 J K�1 mol�1(T  = 25 �C, pH = 2 (HCl � KCl), I = 0.5 mol
dm�3). The detailed kinetic data are included in Table S2.† On
the basis of the observed kinetics, we propose the following
mechanism of the self-assembly of cis-[Co(trien)Cl(OH2)]

2�

with [W(CN)8]
4� leading to the formation of {[Co(trien)]2-

[W(CN)8]2}
2� square (Scheme 1) where ‘et’ indicates electron

transfer step and gives an overall rate equation [eqn. (4)]
consistent with the experimental one,

where k1KIPKITr = ka, k2KIP = kb and k�2 = k�b.

The reaction consists of two parallel reaction pathways
preceded by the formation of the {[CoIII(trien)Cl(OH2)]

2�,
[WIV(CN)8]

4�} ion pair (hereafter named {CoIII,WIV}) between
cis-[Co(trien)Cl(OH2)]

2� and [W(CN)8]
4�. The value of the ion

pair formation constant KIP can be estimated on the basis of the
Eigen–Fuoss expressions.32 The model of the hydrogen bonded
ion-pair with the distance of 8.1 Å between the metal centres
gives the value of KIP of 7 dm3 mol�1.

The second-order dependence in [CoIII] pathway (ka) can be
explained in terms of the formation of the ion triplet {[CoIII-
(trien)Cl(OH2)]

2�, [WIV(CN)8]
4�, [CoIII(trien)Cl(OH2)]

2�},
favoured by its electroneutrality, which undergoes an outer-
sphere electron transfer (OSET) rate-determining step followed
by the formation of trinuclear {CoII(µ-NC)WV,CoIII} transient
species. The labile {CoII(µ-NC)WV,CoIII} transient species
undergoes fast substitution by [WIV(CN)8]

4� and spontaneous
back electron transfer to generate the tetranuclear {[CoIII(trien)]2-
[WIV(CN)8]2}

2� product. The OSET rate-determining step
is in agreement with the well known mechanism for the form-
ation of cyano-bridged compounds between CoIII and cyano-
metallates.29,33–39 The second-order pathway conforms to the
second-order reduction of trisoxalatocobaltate() by iron(),39

where the formation of trinuclear transient species has been
rationalised in terms of additional transient intermediate
stabilisation by the delocalisation of the electron between both
Co centres. The negative activation entropy has been found
in majority of OSET reactions of CoIII compounds and
octacyanometallates.33,37a,40,41

(4)

Scheme 1
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The first-order dependence in [CoIII] pathway (kb, k�b) can be
explained assuming the reversible formation of cyano-bridged
{[(trien)(OH2)CoIII(µ-NC)WIV(CN)7]}

� dinuclear complex, fol-
lowed by inner-sphere electron transfer (ISET) process.30,40,42,43

The {CoII(µ-NC)WV} dinuclear labile transient species may
undergo subsequent fast aggregation and spontaneous back
electron transfer producing stable tetranuclear {[CoIII(trien)]2-
[WIV(CN)8]2}

2� square. The substitutionally controlled inner-
sphere electron transfer mechanism is supported by the large
and positive activation entropy for the forward step (kb), which
is commonly observed for substitution reactions of low spin
CoIII complexes.40,41b,42,43 However, the activation entropy values
are influenced by charge changes which make them less distinc-
tive. Thus, the possibility of reversible outer-sphere reaction of
first-order dependence in [CoIII] pathway (kb, k�b) cannot be
ruled out.34 The studies of redox kinetics of the CoIII complexes
have demonstrated that electron transfer reactions involving
bridging ligands can follow both, outer- and inner-sphere
mechanisms, simultaneously.40,42

The reaction kinetics was studied in the pH range of 2–9. The
reaction significantly decelerates with increasing pH. Therefore
pH dependence over the range of pH 2–9 could be resolved
only for the second order dependence in the CoIII pathway (ka).
The pH dependence of ka as a function of pH is shown in
Fig. 11. The S-shape profile of the ka vs. pH strongly suggests
that cis-[Co(trien)Cl(OH2)]

2� is involved in an acid–base equi-
librium in the pH range investigated. The limiting rate con-
stants at the higher and lower acidities correspond to the acidic
and basic forms of the CoIII precursor, eqn. (5). The rate law
associated with this system is given by eqn. (6), where ka is the

acid dissociation constant of cis-[Co(trien)Cl(OH2)]
2� and kp is

its rate constant. The values of pKa and kp are 5.8 and 156 ±
12 M�2 s�1, respectively (T  = 25 �C; I = 0.5 M; [Co(trien)] :
[W(CN)8] = 1 : 10). The value of pKa = 5.8 is in a good agree-
ment with pKa = 5.9 (T  = 20 �C; I = 0.1 M) derived from
titration of cis-[Co(trien)Cl(OH2)]

2� in aqueous solution.3

Conclusion
We succeeded in the synthesis of two novel octacyano-
tungstate() supramolecular assemblies: K2[CoIII(tren)]2-
[WIV(CN)8]2� 9H2O (1) and K2[CoIII(trien)]2[W

IV(CN)8]2�8H2O�
EtOH (2), and crystallographic characterisation of 1. The
Co() and W() centres are linked alternatively by single

cis-[Co(trien)Cl(OH2)]
2�  cis-[Co(trien)Cl(OH)] � H� (5)

(6)

Fig. 11 The plot of kobs
I/[W(CN)8]

4� versus pH at 25 �C, [Co(trien)-
(OH2)(Cl)]2� = 1.0 × 10�3 mol dm�3, [W(CN)8]

4� = 1.0 × 10�2 mol dm�3,
I = 0.5 mol dm�3 (buffer � KCl).

cyano bridge affording {[Co(tren)]2[W(CN)8]2}
2� square units

joined by potassium ions into the 2D bi-layers. A mechanistic
pathway has been presented to explain the self-assembly of
[W(CN)8]

4� and cis-[CoIII(trien)Cl(OH2)]
2� into {[Co(trien)]2-

[W(CN)8]2}
2�. The reaction proceeds through two parallel

pathways involving formation of an ion-pair {[CoIII(trien)-
Cl(OH2)]

2�, [WIV(CN)8]
4�} and ion-triplet {[CoIII(trien)-

Cl(OH2)]
2�, [WIV(CN)8]

4�, [CoIII(trien)Cl(OH2)]
2�}. The ion-

triplet undergoes a rate-determining outer-sphere electron-
transfer step (WIV  CoIII) followed by fast aggregation due to
a labile CoII centre being formed and spontaneous back
electron-transfer to generate the {[CoIII(trien)]2[W

IV(CN)8]2}
2�

product. The ion-pair undergoes rate-determining reversible
substitution of Cl� ligand creating cyano-bridged intermediate
{[(trien)(OH2)Co(µ-NC)W(CN)8]2}

� and a further inner-sphere
electron transfer step (WIV  CoIII). The {[(trien)(OH2)CoII-
(µ-NC)WV(CN)8]2}

� intermediate species undergoes fast aggre-
gation and spontaneous back electron-transfer to generate the
tetranuclear product.The {[Co(N4)]2[W(CN)8]2}

2� tetranuclear
square exhibits MMCT transitions at 519 nm (1) and 512 nm
(2). The mixed-valence features make them very promising
candidates for photomagnetic systems. Further work along line
is currently in progress.
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