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Reaction of the anionic cyanometallate chromophore

[{Ru(CN)4}3(l3-HAT)]
6�

with [M
II
(tren)]

2+
complexes (M =

Zn
II
, Cu

II
) provides discrete tetradecanuclear clusters of for-

mula [{MII(tren)(l-CN)}11{Ru3(HAT)(CN)}]16+; the weak lu-

minescence of the Ru3 chromophore is substantially enhanced in

the presence of ZnII ions, whereas it is completely quenched

when CuII centers are present.

Currently, the self-assembly of cyano-linked metal complexes

attracts a lot of interest not only because of their potential

applications in fields as diverse as molecular magnetism,1

photochemistry,2 hydrogen storage3 or host–guest chemistry,4

but also because of their fascinating structural diversity and

topologies.5 The main strategy used to prepare heteropoly-

nuclear cyanometallates is to use a stable cyanometallate

anion as a ligand toward either fully solvated metal ions or

metal complexes whose coordination spheres are partially

blocked with polydentate end-cap ligands. Generally, highly

insoluble three-dimensional cyano-bridged polymers are ob-

tained when the cation is fully solvated6 whereas lower

dimensionality heterometallic compounds result if the outer

metal ions have only a few coordination sites available, with

others blocked.7

Recently, we described the synthesis, structure and spectro-

scopic properties of [{Ru(CN)4}3(m3-HAT)]6� (Ru3-HAT) in

which three {Ru(CN)4}
2� units are connected to the tritopic

ligand hexaazatriphenylene (HAT).8 The extended aromatic

bridging ligand and the presence of three chromophoric

centres resulted in a remarkably intense, low energy, and

highly solvatochromic absorption of light. The potential con-

nectivity of up to 12 at a single ‘node’, provided by the

externally directed cyanide binding sites, was unprecedented

in cyanide-based coordination networks, for which the highest

potential connectivity until then was from octacyanometal-

lates of Nb, Mo and W.9 We used Ru3-HAT as the basis of

coordination networks with lanthanide cations and demon-

strated that this complex can act as a light-harvesting ‘antenna’

generating sensitized near-infrared luminescence from f-block

ions.10 Up to eight of the twelve cyanide groups were involved

in bridging interactions to Ln(III) ions.

As a part of our studies on the reactivity of the Ru3-HAT

complex with metal ions and metal complexes, we herein show

that it is possible to increase the connectivity of Ru3-HAT and,

at the same time, to ensure the formation of single molecules,

by following the strategy of assembling Ru3-HAT with capped

complexes that possess only one accessible free coordination

position for the nitrogen atoms of the cyanide groups. Thus,

reaction of Ru3-HAT with [MII(tren)]2+ complexes [M = Zn,

Cu; tren = tris(2-aminoethyl)amine], prepared in situ by

reaction of equimolar amounts of tren and MII perchlorate

salts, generates discrete heterometallic clusters [{MII

(tren)CN}11Ru3(HAT)(CN)](ClO4)16�nH2O [M = Zn (1), Cu

(2)], in which the Ru3-HAT unit is linked through cyanide

bridging groups to eleven [MII(tren)]2+ units.y X-Ray crystal-

lographic studies revealed that 1 and 2 are isostructural

compounds crystallizing in monoclinic space group P21/c

(see ESIw).
The structure of 1 consists of tetradecanuclear [{ZnII

(tren)(m-CN)}11{Ru3(HAT)(CN)}]16+ cations, perchlorate an-

ions and additional lattice solvent molecules. Within the

tetradecanuclear cations (Fig. 1), Ru(1A) and Ru(1B) are

linked to four [Zn(tren)]2+ fragments by one bridging cyanide

each, whereas Ru(1C) is linked to only three of these frag-

ments, with the remaining cyanide being terminal. The HAT

ligand is almost planar; the largest deviation from the mean

plane is 0.171 Å at C(8). Ru(1A), Ru(1B) and Ru(1C) are

respectively +0.188, +0.081 and �0.230 Å out of this plane.

Because the HAT ligand is slightly bent, the cyanide groups

belonging to different Ru atoms and lying below the HAT

plane are separated from each other by greater distances than

those lying above this plane. This leads to an increase of steric
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crowding in the ‘‘upper part’’ of the molecule, thus preventing

the coordination of twelve [MII(tren)]2+ units around the Ru3-

HAT complex. Each Ru atom is coordinated by two HAT

nitrogen atoms and four cyanide carbon atoms in a conven-

tional distorted octahedral geometry. The main factor ac-

counting for this distortion is the small bite angle

N(HAT)–Ru–N(HAT)0 of the chelating HAT [79.40(12)1

Ru(1A), 79.47(12)1 Ru(1B), 79.46(12)1 Ru(1C)], which is

typical of chelating diimine ligands. Ru–N and Ru–C dis-

tances are close to those observed in previously reported

structures containing the [Ru3(HAT)(CN)12]
6� unit.10

Although Ru–CRN groups are close to linearity

[174.8(4)–177.4(4)1 Ru(1A), 173.7(4)–178.7(4)1 Ru(1B),

175.4(4)–178.5(4)1 Ru(1C)] the Zn–NRC angles are more

bent [160.0(4)–172.3(5)1 Ru(1A), 160.4(3)–175.1(4)1 Ru(1B),

138.0(3)–175.0(4)1 Ru(1C)]. The geometry of each ZnII centre

in 1 can be described as distorted trigonal bipyramidal, with

the nitrogen atoms of the primary amines on each tren ligand

occupying equatorial positions around the Zn centre and the

nitrogen atoms of the tertiary amine and the cyanide located at

the axial positions. Significant variations in both Zn–N dis-

tances and N–Zn–N angles are found in the equatorial plane.

The N(eq)–Zn–N(ax) angles are reduced from 901, thus the

N(eq)–Zn–N(cyano) angles are greater than 901 with the Zn

centres sitting outside the plane formed by the primary amine

nitrogens towards the bridging cyano groups.

For complex 2 the diffraction data was too weak to permit a

complete refinement and accurate description of the structure,

but it was however enough to prove that 2 is isostructural to 1.

The magnetic properties of 2 are consistent with the presence

of eleven uncoupled CuII ions (Fig. S1, ESIw). At T 4 20 K,

the wMT product is almost constant with a 4.75 cm3 K mol�1

value, which is close to the theoretical value of 4.64 cm3 K mol�1

calculated for eleven independent spins with S = 1/2 and g =

2.12. Below 20 K, the wMT slightly decreases, pointing out the

existence of a weak antiferromagnetic exchange interaction

between next nearest CuII centers through the diamagnetic

NC–Ru–CN bridges. The magnetization of 2 reveals the

expected behaviour for uncoupled CuII ions fitting well with

a Brillouin function for eleven independent spins S = 1/2

(Fig. S2, ESIw).
Solid-state reflectance electronic spectra of Ru3-HAT (so-

dium salt), 1 and 2 are shown in Fig. 2. For Ru3-HAT, the

spectrum shows an intense and broad 1MLCT band centered

at 550 nm. As we reported recently, the broadness of this band

is due to the existence of a manifold of several closely spaced
1MLCT absorptions associated with the presence of a mani-

fold of closely-spaced, low-lying p* orbitals on the HAT

ligand.10 In (1), coordination of [ZnII(tren)]2+ units to the

Ru3-HAT centre through the cyanide bridges leads to a

substantial blue-shift of the 1MLCT absorption maximum to

480 nm. A similar effect is observed in 2 in which the Ru3-HAT

based 1MLCT absorption band shifts to 508 nm when [CuII

(tren)]2+ units coordinate to the cyanides of the Ru3-HAT

core. Additionally, intense d–d absorption bands are observed

in the red/near-IR region of the spectrum for this Cu(II)

adduct.11

The blue shift of the Ru3-HAT based 1MLCT band ob-

served in 1 and 2 is understandable in terms of the electron-

withdrawing effect of the [MII(tren)]2+ units which stabilises

the d(p)-orbitals of the Ru3-HAT chromophore; the p-electron
density is drawn away from the Ru-center and the energy of

the HOMO orbital is lowered, thereby increasing the energy of

the MLCT transitions. This ‘metallochromic’ effect is similar

to those observed in related systems in which protons, alkali,

Fig. 1 Crystal structure of the 14-nuclear cation of the [{ZnII(tren)(m-
CN)}11{Ru3(HAT)(CN)}](ClO4)16 cluster 1 (C = grey, N = light

blue, Zn = dark blue, Ru = yellow). For clarity only the metal ions

are labelled. Selected ranges for interatomic distances (Å) and angles

(1): Ru� � �Zn 4.878–5.288; Ru–C 1.965(4)–2.058(4); Ru–N(HAT)

2.106(3)–2.142(3); Zn–N(cyano) 2.012(4)–2.072(4); Zn–Nax(tren)

2.241(4)–2.340(4); Zn–Neq(tren) 2.039(4)–2.094(4); N(HAT)–Ru–

N(HAT)0 79.40(12)–79.47(12); Ru–CRN 173.7(4)–178.7(4); CR
N–Zn 138.0(3)–175.1(4); N(cyano)–Zn–Nax(tren) 170.58(15)–177.30

(15); N(cyano)–Zn–Neq(tren) 91.10(15)–106.81(18); Nax(tren)–Zn–Neq

(tren) 79.03(16)–82.82(14).

Fig. 2 Solid-state reflectance electronic spectra of Ru3HAT (sodium

salt, black line), (1) (red line) and (2) (green line) [1MLCT transition

bands between 400–700 nm in all three cases; d–d absorption manifold

between 700–1400 nm characteristic for CuII ions in complex 2]. The

inset shows the luminescence spectra as powders using the same colour

scheme.
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alkali earth and transition metal ions act as Lewis acids to

mononuclear [Ru(bipy)(CN)4]
2� units.12

The solid-state luminescence spectrum of Ru3-HAT shows a

very weak 3MLCT luminescence maximum at 790 nm. The

time-resolved luminescence decay from this sample appeared

to be too short to be measured by conventional single-photon

counting methods at room temperature. However, from tran-

sient IR spectroscopic measurements, the 3MLCT lifetime of

Ru3-HAT in aqueous solutions (that is, hydrated but not

interacting with any additional metal ions) is about 18 ns. In

1, coordination of the [Zn(tren)]2+ units to the cyanides leads

to the appearance of a much stronger and blue-shifted 3MLCT

luminescence (E720 nm emission maximum) compared to the

parent Ru3-HAT salt. The time-resolved luminescence decay

from 1 fitted well to a double exponential decay with lifetime

components of 250 ns (major component, 97%) and 27 ns

(minor component, 3%).z Conversely, the 3MLCT emission

of 2 is completely quenched as a consequence of the coordina-

tion of [CuII(tren)]2+ centers, with low-lying d–d states which

can quench higher-lying excited states, to the Ru3-HAT

chromophore.13

In conclusion, we have obtained, using a bottom up ap-

proach, nano-sized discrete clusters in which the

[Ru3(HAT)(CN)12]
6� unit is linked through cyanide bridging

groups to eleven [MII(tren)]2+ units. These compounds de-

monstrate the highest connectivity so far reported for cyanide-

bridged polynuclear complexes. Substantial changes in the

luminescence properties of the [Ru3(HAT)(CN)12]
6� chromo-

phore occurs on going from 1 to 2, depending of the nature of

the metal cation to which is linked. Thus, the luminescence is

substantially enhanced in the presence of ZnII ions whereas it

is completely quenched when CuII centers are present. This

could lead to possible applications of [Ru3(HAT)(CN)12]
6�

derivates as luminescent sensors. Work focusing on the pre-

paration and photophysical and photomagnetic characterisa-

tion of other cyanide-bridged RuII–MII/III (M = CuII, ZnII,

FeIII and MnIII) systems is currently in progress in our lab.
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Notes and references

y Syntheses. 1: A solution of tris(2-amino)ethylamine (0.11 g, 0.75
mmol) in water–acetonitrile (1 : 1, 5 mL) was added to a solution of
ZnII(ClO4)2�6H2O (0.26 g, 0.7 mmol) in water (5 mL). The mixture was
stirred for 10 min. before the addition of Na6[Ru3(HAT)(CN)12]�
12H2O (0.05 g, 0.05 mmol) dissolved in a minimum of water–acetoni-
trile (1 : 1) mixture. Slow evaporation of the resulting solution over a
period of 60 h at 4 1C resulted in a crop of deep-red crystals that were
filtered off, washed with a minimal amount of cold water and dried in
vacuo. Yield: 63%. IR (KBr): nmax/cm

�1: 3343(vs), 2920(m), 2126(m),
2089(s), 1087(vs), 626(s). Anal. Found: C, 22.27; H, 4.87; N, 17.51.
Calc. for (1)�20H2O�4CH3CN: C, 22.23; H, 4.87; N, 17.46%. ESMS:
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3+.
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(KBr): nmax/cm
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Anal. Found: C, 21.73; H, 4.73; N, 17.37. Calc. for 2�17H2O�CH3CN: C,

21.69; H, 4.77; N, 17.32%. ESMS: m/z 2275.01 {[CuII(tren)(m-CN)}11
{Ru3(HAT)(CN)}](ClO4)14}

2+, 1483.69 {[{CuII(tren)CN}11{Ru3(HAT)
(CN)}](ClO4)13}

3+.
z Luminescence lifetimes were measured on solid samples using an
Edinburgh Instruments Mini-t instrument with a pulsed 405 nm diode
laser as the excitation source.
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Clérac, J. Sanchiz, O. Kahn, S. Golhen and L. Ouahab, J. Am.
Chem. Soc., 1998, 120, 13088; Y. Song, S. Ohkoshi, Y. Arimoto, H.
Seino, Y. Mizobe and K. Hashimoto, Inorg. Chem., 2003, 42, 1848;
J. M. Herrera, A. Bleuzen, Y. Dromzée, M. Julve, F. Lloret andM.
Verdaguer, Inorg. Chem., 2003, 42, 7052.

7 M. Ohba and H. Okawa, Coord. Chem. Rev., 2000, 198, 313; T.
Mallah, C. Auberger, M. Verdaguer and P. Veillet, J. Chem. Soc.,
Chem. Commun., 1995, 61; A. Scuiller, T. Mallah, M. Verdaguer,
A. Nivorozkin, J. L. Tholence and P. Veillet, New J. Chem., 1996,
20, 1; R. J. Parker, L. Spiccia, S. R. Batten, J. D. Cashion and G.
D. Fallon, Inorg. Chem., 2001, 40, 4696; V. Marvaud, C. Decroix,
A. Scuiller, C. Guyard-Duhayon, J. Vaisermann, F. Gonnet and
M. Verdaguer, Chem. Eur. J., 2003, 9, 1678; D. E. Freedman, D.
M. Jenkins, A. T. Iavarone and J. R. Long, J. Am. Chem. Soc.,
2008, 130, 2884; J. M. Herrera, V. Marvaud, M. Verdaguer, J.
Marrot, M. Kalisz and C. Mathonière, Angew. Chem., Int. Ed.,
2004, 43, 5468; A. Rodriguez-Diéguez, R. Kivekas, R. Sillanpaa, J.
Cano, F. Lloret, V. McKee, H. Stoeckli-Evans and E. Colacio,
Inorg. Chem., 2006, 45, 10537; R. Lescouezec, L. M. Toma, J.
Vaissermann, M. Verdaguer, F. S. Delgado, C. Ruiz-Perez, F.
Lloret and M. Julve, Coord. Chem. Rev., 2005, 249, 2691; L. M.
Toma, L. D. Toma, F. S. Delgado, C. Ruiz-Perez, J. Sletten, J.
Cano, J. M. Clemente-Juan, F. Lloret and M. Julve, Coord. Chem.
Rev., 2006, 250, 2176.

8 J. M. Herrera, M. D. Ward, H. Adams, S. J. A. Pope and S.
Faulkner, Chem. Commun., 2006, 1851.

9 B. Sieklucka, R. Podgajny, P. Przychodzen and T. Korzeniak,
Coord. Chem. Rev., 2005, 249, 2203; P. Przychodzen, T. Korzeniak,
R. Podgajny and B. Sieklucka, Coord. Chem. Rev., 2006, 250

2234.
10 J. M. Herrera, S. J. A. Pope, A. J. H. M. Meijer, T. L. Easun, H.

Adams, W. Z. Alsindi, X. Z. Sun, M. W. George, S. Faulkner and
M. D. Ward, J. Am. Chem. Soc., 2007, 129, 11491.

11 M. Duggan, N. Ray, B. Hathaway, G. Tomlinson, P. Brint and K.
Pelin, J. Chem. Soc., Dalton Trans., 1980, 1342.

12 T. Lazarides, T. L. Easun, C. Veyne-Marti, W. Z. Alsindi, M. W.
George, N. Deppermann, C. A. Hunter, H. Adams and M. D.
Ward, J. Am. Chem. Soc., 2007, 129, 4014; C. F. Chow, M. H. W.
Lam and W. Y. Wong, Inorg. Chem., 2004, 43, 8387; S. Campagna
and S. Serroni, Chem. Rev., 1996, 96, 759; C. A. Bignozzi and F.
Scandola, Inorg. Chem., 1984, 23, 1540.

13 J. N. Demas and J. W. Addington, J. Am. Chem. Soc., 1974, 96,
3663; C. F. Chow, M. H. W. Lam and W. Y. Wong, Inorg. Chem.,
2004, 43, 8387.

4462 | Chem. Commun., 2008, 4460–4462 This journal is �c The Royal Society of Chemistry 2008


