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Abstract 

The heterobi-, tri- and tetra-metallic Robin-Day Class It mixed-valence complexes, [(OC)sCr(/x-CN)Ru(NH3)5] 2+ (CrRu), cis- 
[ { (OC)sCr(/~-CN) }2Ru(NH3)41 + (Cr~Ru) andfac-[ { (OC)sCr(/~-CN) }3RII(NH3)31 (Cr3Ru) have been synthesised directly by cou- 
pling [Cr(CO)sCN] - with an appropriate penta-, tetra- or tri-amminemthenium precursor and characterised by electrochemical, analytical. 
and spectroscopic methods. The complexes exhibit solvent-ammine hydrogen-bonding induced snlvatochron-tism in the MMCT energy which 
linearly varies with the Gutmann solvent donor number (DN) at 219, 158 and 116(+7) cm-~/DN respectively which corresponds to a 
linear variation of 51(+_6) cm-1/DN/NH3 group. Electrochemical and spectrosopic evidence points to the ligating equivalence of 
[Cr(CO)sCN] - and NH3 groups in this series. Cyclic and square-wave voltammograms, CV and SWV, show reversible couples at + 0.45 
and -0.36 V (versus ferrocene) for the chromium(0/l) and ruthenium(III/II) potentials in the complex set. Dispersion in CV and peak 
broadening in S~,W, for Cr~Ru (x = 2, 3), indicate weak Cr-Cr coupling through the amminemthenium centre corresponding to a separation 
of ~65 inV. We report electrochemical data for [ (OC)sCr(/x-CN)Os(NH3)512+ (CrOs) and its visibly spectacular solvato=hmmisu~ ( 188 
cm- J/DN) from blue to purple, red, orange and yellow colourations. 
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I. Introduct ion 

The cyanide-bridged low-spin d6-d 5 bimetallic fragment, 
X(/x-CN)Y, is the basic unit of a large number of literature 
reports [ 1-3] centred around the study of various electronic 
phenomena associated with the optical metat(X)-to- 
metal(Y) (or intervalence) charge transfer (MMCT) 
absorption. Part of the attraction of this simple system is that 
the cyanide bridge can stabilise, through its ~r-acidic C-cen- 
tred and o--basic N-centred frontier orbitats, metals of sigr6f- 
icantly different electronic potential whilst simultaneously 
providing a short enough bridge, maintaining intennetatlic 
coupling, to observe MMCT. For such systems the t2g orbital 
hole is only slightly delocalised ( < 5%) across the two metal 
sites and is described using ~ e  Robin-Day [4] Class II 
mixed-valence formalism. 

Only recently have some trimetallic analogues [5 - t4 ]  of 
the i%rm, X(/z-CN)Y(/z-NC)Z,  been reported as natural 
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extensions to the array of known bimetallic systems. For 
exa~ple, amongst a limited number of publications, Vogler 
and co-workers [ 10,1 l]  have studied photochemical redox 
processes in, [ ( NH3 ) ~Co m (/x-NC ) Co m (CN) 4 (/z-CN ) Ru tL 
(CN)5] 3-,  Scandota and co-workers [5-7] have probed 
photophysicaI properties associated with eis-[Ru(bpy)2- 
(CN)2] N-bound to various metal fragments wherea; 
Bocarsly and co-workers [ 12,13 ] have considered muttielec- 
tron charge transfer in t rans-[(CN)sFen( ix-CN)P(  v- 

(NH3) ~(/x-NC) FeII(CN) 5 ] 4- . 
Part of our interest [2,3,15-t7] has been to use al~d study 

first and second coordination sphere effects to perturb the 
eleclronic potential of one metal cemre in a bimetalhc unit to 
modify and tune the MMCT energy, and associated electronic 
and optical properties. In this paper we supplement some of 
our existing bimetallic work [2,3] and extend it to tri- and 
tetra-metallic species based on one-, two- and three-metal 
donor fragments, [Cr(CO)sCN] - ,  coordinated to a single 
polyammineruthenium acceptor group. The complexes dis- 
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cussed presently axe, [(OC)sCr(/z-CN)Os(NH3)5] ?+, 
[ (OC) 5Cr(/x-eN) Ru(NH3) 5] 2+ , cis-[{(OC)sCr(tx- 
CN)}2Ru(NH3)4] + and fac-[{(OC)sCr(I~-CN)}3Ru- 
(NH3)3] which we henceforth abbreviate to CrOs, CrRu, 
Cr2Ru and Cr3Ru, respectively. 

2. Experimental 

2.1. Physical measurements 

IR spectra were recorded using pressed KBr pellets on a 
Mattson Polaris F-fIR instrument. Electronic absorption spec- 
tra were obtained using Shimadzu UV-VIS-NIR (model 
UV-365), Perkin-Elmer (model 330) and Perkin-Elmer 
(model 552) spectrometers using I cm pathlength cuvettes 
with pure solvent as a reference sample. The following sol- 
vents were used as received: from Aldrich, acetone (HPLC, 
99.9+%), acetonitrile (HPLC, 99.9+%), dimethylfor- 
mamide (HPLC, 99.9 + %) and chloroacetonitrile (99%): 
from Fluka, dimethylsulfoxide (puriss, absolute, 99.5%) and 
hexamethylphosphoramide ( ~ 97%): from Lancaster, nitro- 
methane ( ~ 99.5%, GC; by personal communication), rift_ 
methylphosphate (99%, GC, Aldrich) was passed through a 
column ( 1 × 7 cm) of neutral dry alumina (prepared by heat- 
ing alumina at ~ 300 °C over ~ 3 h under vacuum and cooling 
in a dry atmopshere prior to use). Electrochemical measure- 
ments were undertaken using an Eco-Chemie Autolab poten- 
tiostat (PGSTAT20) running under GPES3 computer 
software. Cyclic voltammograms (CV) were recorded with 
scan rates from 20-500 mV s- x. Standard square-wave [ 181 
vottammograms (SWV) were obtained using a pulse ampli- 
tude (Esw) of 50 mV, at a frequency of 25 Hz with a stepping 
potential (E~t) of 5 or 10 inV. Voltammograms were 
recorded, under argon, with and without the addition of the 
internal standard ferrocene. The reference electrode was a 
saturated KCl(aq) ca!omel separated from the sample com- 
partment via a lugin capillary. The working electrode was a 
planar glassy carbon disc (diameter ~5 mm) which was 
wiped clean after each measurement. The counter electrode 
consisted of a Pt wire mesh. The conducting solutions were 
0.1 M tetrabutylammonium tetrafluoroborate in acetonitrile 
(HPLC). Integration of square-wave difference current 
peaks were performed using a macro in Kaleidagraph TM soft- 
ware on a Macintosh computer. Microanalyses (C, H, N) 
were undertaken by the departmental fae;!ity. Chromium and 
ruthenium analyses were performed using a~ AtomScan 16, 
plasma emission machine. 

2.2. Syntheses 

Literature procedures were followed for the synthesis of 
[Ru(NH3)6]CIz [19], [Ru(NH3)sCI]C12 [20], [Ru- 
(NH3)5(OSOzCF.OI(CF3SO3)z [21], cis-[Ru(NH3)4- 
ClzlCI [221, [Cr(CO)sCNIEt4N [31, [(OC)sCr(tx-CN)- 
Ru(NH3)5] (CF3SO3)z and [(OC)sCr(t~-CN)Os(NH3)5]- 

(CF3SO3) 2 [15]. Fac-[Ru(NH3)3CI3] was prepared either 
by boiling a soh~tion of cis-[Ru(NH3)4Cl2]Cl in conc. 
hydrochloric acid to give an orange-brown precipitate or by 
decomposition [23,241 of [ (NH3)3Ru(p.-C1)3Ru(NH3)3]- 
C12 in conc. hydrochloric acid in an oxygen enriched atmos- 
phere over several days. Fac-[Ru(NH3)3(OH2)3](CF3- 
SO3) 3 was prepared according to Diamantis and Moritz [ 25 ]. 
Cis-[Ru(N}-I3)4(OSO2CF3) 2] (CF3SO3) was prepared from 
cis- [ Ru ( NH 3) 4C12 ] C1 using the same procedure and condi- 
tions [21] as given for the preparation of [Ru(NH3) 5- 
(OSO2CF3) ] (CF3SO3) 2. The product gave satisfactory anal- 
yses. Anal. Found: C, 5.7; H, 2.6; N, 8.1; C1, <0.4. Calc: C, 
5.9; H, 2.0; N, 9.1%. 

2.2.1. Synthesis of [Ru(NH3)6](CF3S03)3 
A sample of [Ru(NH3)6]C12 (1 g, 3.65 mmol) is dis- 

solved in a minimum volume of distilled water acidified with 
a few drops of aqueous 2 M trifluoromethanesulfonic acid to 
form a clear yellow solution. A few drops of aqueous hydro- 
gen peroxide (30%) are added and following gentle warming 
the solution becomes colourless. After stirring the solution in 
an ice-bath for several minutes, white crystals are collected 
by filtration and washed with a little ethanol, acetone and 
diethyl ether. The dry white solid is placed in a two-neck 
round-bottom flask (25 ml) connected with a dinitrogen bub- 
ble inlet and is dissolved in neat trifluoromethanesulfonic acid 
(8 ml). The solution is heated (50--60 °(:I) for 30 min whilst 
a slow stream of nitrogen is passed through it. The solution 
is cooled and the careful addition of excess diethyl ether 
precipitates the product. The white powder is collected by 
filtration and washed with excess diethyl ether. The product 
can be recrystallised by dissolving this powder in a small 
volume of distilled water at 50 °C acidified with one drop of 
neat trifluoromethanesulfonic acid. Several more drops of 
acid are added to the clear solution which is then refrigerated 
(5 °C) overnight. A solid mass of white needles are isolated 
by filtration, washed with excess diethyl ether and vacuum 
dried. Anal. Found: C, 5.6; H, 2.9; N, 13.0. Calc.: C, 5.5; H, 
2.8; N, 12.9%. 

2.2.2. Synthesis of [(OC)sCr(,~t~-CN)M(NH3)5](PF6)2 
(M = Ru, Os (CrRu, CrOs)) 

These compounds are prepared quantitatively from the tri- 
fluoromethanesulfonate salts by dissolution in a tiny amount 
of acetone followed by the addition of water to form a clear 
blue (purple for M = Os) solution. Drops of a saturated aque- 
otis solution of ammonium hexafluorophosphate are added to 
the stirred solution to yield a pale blue (dark blue for M = Os) 
precipitate. After cooling to 5 °C, the powder is collected by 
filtration, washed with a little ice-cold water, followed by 
excess diethyl ether and then vacuum dried. Anal. Found for 
M=Ru: C, 11.0; H, 2.2; N, 12.0. Calc.: C, 10.4; H, 2.2; N, 
t2.1%. Metal mole ratio (CF3SO 3 salt) Cr/Ru = 1.05(1.0). 
Anal. Found for M=Os: C, 9.4; H, 2.0; N, 10.4. Calc.: C, 
9.2; H, 1.9; N, 10.7%. 
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The syntheses of the following cyanide-bridged com- 
pounds were carried out in the dark; solutions were subse- 
quently manipulated in subdued light using aluminium foil. 

2.2.3. Synthesis of  cis-[{(OC)sCr(tx-CN)}2Ru(NH3)4I- 
CF3S03 (Cr2Ru) 

Samples of cis-[Ru(NH3)4(OSO2CF3)2] (CF3SO3) (0.2 
g, 0.32 retool) and [Cr(CO)sCN]Et4N (0.47 g, 0.98 mmol) 
are dissolved in acetone (40 ml) under nitrogen, heated (45 
°(2) and stirred in the dark for 3 h. The blue solution is 
evaporated under reduced pressure and low temperature to 
dryness and dissolved in methanol (60 ml). The solution was 
put under nitrogen again and a slurry of Sephadex CM C-25 
ion exchange resin in water is added by pipette. The mixture 
is stirred for several minutes until adsorption of the blue 
solution onto the Sephadex is virtually complete. More water 
can be added but the ratio of water:methanol should be kept 
less than 1:1. The mother-liquor is decanted off and the blue 
coloured Sephadex is put onto the top of a column ( 1 × 6 
cm) of fresh Sephadex. (The mother-liqour, if still signifi- 
cantly blue, can be filtered and passed through the column). 
The column is washed with a 1:1 water:methanol solution. 
The product is eluted with 0.25 M tdfluoromethanesulfonic 
acid (I:1, methanol:water). The methanol and some of the 
water is removed by rotor-evaporation under reduced pres- 
sure to yield a powdery precipitate. The blue powder is sep- 
arated by filtration, washed with a very small volume of dilute 
aqueous trifluoromethanesutfonic acid, followed by excess 
petroleum spirit (40--60). The solid ( ~ 0.2 g) is stirred with 
diethyl ether ( ~7  ml) and pentane (3 ml) and subsequently 
filtered, washed with petroleum spirit and vacuum dried. 
Yield: ~ 150 rag. Anal. Found: C, 20.9; H, 1.6; N, 11.1. Calc.: 
C, 20.7; H, 1.6; N, 11.0%. Metal mole ratio Cr/ 
Ru= 2.1 (2.0). 

2.2.4. Synthesis of  fac-[ { (OC)sCr(Ix-CN) } 3Ru(NH3)3l 
(Cr3Ru) 

Samples offac-[Ru(NH3)3(OH2)3] (CF3SO3) 3 (0.15 g, 
0.23 retool) and [Cr(CO)sCN]Et4N (0.43 g, 0.89 mmoi) 
are dissolved in acetone (35 ml) under nitrogen and heated 
(45 °C) for 3 h. The blue solution is evaporated to dryness 
under reduced pressure and low temperature and dissolved in 
dichloromethane (50 ml). The green-pale blue solution is 
adsorbed onto a column of TLC grade silica (2-25 /zm) 
(2 × 7 cm) which is then washed with excess dichlorome- 
thane and 10% tetrahydrofuran/dichloromethane to remove 
the pale yellow band of excess [Cr(CO)sCN] - .  The blue 
product is best eluted as a tight band with dimethoxyethane. 
The blue solution is evaporated to drynes~ under reduced 
pressure and low temperature. The produc: :~ solated by 
swirling with some dichlorornethane, filtered, washed with 
petroleum spirit and vacuum dried. (If the solid dissolves it 
can be reprecipitated with the stow addition of hexane or 
petroleum spirit (40-60~). Yield: 150 rag. Anal. Found: C, 
27.0; H, 1.25; N, 10.2. Calc.: C, 26.8; H, 1.15; N, 10.4%. 
Metal mole ratio Cr/Ru = 3.1 (3.0). 

3. Results and discussion 

3.I. Syntheses 

The novel trimetallic and tetrametallic complexes, Cr2Ru 
and Cr3Ru, are synthesised directly using a modest excess 
of the pentaearbonylcyanochromate ion and the appropriate 
ammineruthenium moiety. For Cr2Ru the labile cis- 
bis(trifluoromethanesulfonate) (triflate) is used in an anal- 
ogous fashion to the reported preparation of CrRu, whereas 
Cr3Ru is synthesised using the aquo complex, fac- 
[RH(NH3)3(OH2)3] 3+. One noticeabIe feature in these 
preparations is the transient pink-red colouration observed 
immediately after the reagents are mixed together in acetone, 
which is soon replaced by the intense blue colour of the 
products. The pink colour arises from an outer-sphere charge 
transfer (OSCT) from the donor to acceptor metal fragments 
in ar, ion-pair [26] since this same colouration is observed, 
and remains, in mixing solutions of [Cr(CO)sCN]- and 
[ Ru (Nt.I3) 6 ] 3 + in acetone. This also provides a sensitive test 
for the purity of the hexaammineruthenium(III). Any 
ammine loss, through overheating in the chloride volatilisa- 
tion step (see Section 2) with trifluoromethanesulfonie acid, 
would subsequently produce a blue colour upon mixing with 
[Cr(CO)sCN]-. None was observed for our product. All 
the chromium-ruthenium complexes appear air stable as sol- 
ids and were successfully characterised by elemental analysis, 
IR, Vis-NIR spectroscopies and cyclic and square-wave 
voltarnmetries. 

3.2. Infrared spectra 

The profile of pressed pellet IR spectra of CrRu and CrOs 
(triflate salts) in the carbonyl region are described and 
assigned elsewhere [ 15]. The spectra of CrzRu and Cr3Ru 
show similarly shaped and broad profiles, characteristic of 
local C4,, symmetry, in the carbenyl region but with 
v (CN) = 2100 and 2108 cm - t respective ty ( v ( CN ) = 2095 
and 2101 cm- t for CrRu and Cr(CO)sCN-, respectively). 
For Cr3Ru, which is neulral, there is no evidence, as 
expected, for the triflate ion in the IR. In CrRu and CrOs 
there is a sharp doublet at 1037 and 1028 cm- ~, whereas in 
CrzRt, t1~ere is only a singlet at t027 cm - ~. Miles et al. [27] 
report R,~man and IR spectra for Group I metal triflate salts 
and assign this band to the symmetric stretch v~(SO3) assum- 
ing C3~, symmetry. The implication is that in CrRu the triflate 
anions are not equivalent. This is confirmed in the crystal 
structure, which will be reported [28] elsewhere with 
detailed resonance Raman results for CrRu, CrOs ai~d the 
rhodium analogue, CrRh, (at several wavelengths) with 
associated analyses in respect of the MMCT excited-state 
geometry. 

3.3. Electrochemistr3' 

Cyclic voltammograms for CrRu, CrzRu and Cr:~Ru 
recorded routinely at 100, 200, 300, 400 m~d 500 mV s-  i are 
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shown in Figs. 1-3, respectively. In all cases the lower poten- 
tial couple ( ~  +0.05 V versus SCE) corresponds to the 
ammineruther.ium(III/II) process and the upper potential 
couple ( ~  +0 .9  V versus SCE) to the carbonylchrom- 
ium (0 / I )  redox. No differences were observed in reversing 
the direction of the potential scan. The chromium and ruthen- 
ium centres in all three complexes exhibit properties associ- 
ated with reversible and diffusion controlled electron transfer 
(peak currents, iv, proportional to the square root of the scan 
rate, v, and oxidative-to-reductive peak current ratios, iv.a~ 
ip,c = 1) to a scan rate of 20 mV s -  ~. Accurate potentials 
relative to the internal standard ferrocene/ferrocenium (Fc /  
Fc +) couple are detailed in Table 1. Fig. 1 also shows an 
extended range voltammogram for C r R u  at 100 mV s -  ~. The 
completely irreversible couple ( + 1.45 V versus SCE) which 
we assign to a second chromium centred oxidation, Cr ( I / I I ) ,  
appears to result in product decomposition as evidenced by 
the smaller reductive current of the C r ( 0 / I )  couple and the 
extra wave at ( ~ 0.35 V versus SCE) which are seen in the 
reverse scan. For these reasons all subsequent voltammo- 
grams were restricted in range to an upper limit of ~ + 1.15 
V (versus SCE). Peak current potential separations, 
(AEp=Ep.~-Epx) for all the ruthenium centres are 65_+5 
mV (at 100 mV s -  ~), the same as for ferrocene; they increase 
slightly with scan rate. The A E  v values associated with the 
chromium centres similarly change tittle with scan rate, but 
vary significantly within the Cr~Ru set. For CrRu,  AEp = 65 
mV, whereas CrzRu, AEp=95  mV, exhibits an apparent 
dispersion and broadening within the redox wave peaks 
which is particularly pronounced in Cr3Ru with AE o = 135 
mV (Fig. 3). The implication is that in CrzRu and Cr3Ru 
the oxidation of the second (and third) chromium centres are 
at slightly different potentials to the first. 

Square-wave voltammograms [ 18 ] for CrRu,  Cr2Ru and 
Cr3Ru are shown in Figs. 4-6. The forward and reverse cur- 
rents are shown as dotted lines and their difference as the 
belt-shaped solid line. The couples are referenced to that of 
ferrocene. Standard conditions were used, Esw = 50 mV, 
E~t=5, 10 mV at 25 Hz. The redox potentials of the metal 
centres (the potentials at difference current peaks) were 
found to be within 5 mV of those calculated from the cyclic 
voltammograms, Et /2 = 1 / 2 ( Ep. a + Eo,~ ). According to doc- 
umented [29] Nernstian analysis o ¢ square-wave voltam- 
mograms for large planar electrodes, the full width (W~/2) 
of the bell-shaped difference current peaks at half their height 
is given by Eq. (1) ,  where n, F, R and T have their usual 
meanings, Esw is in volts and ~'sw = nFEsw/RT. 

Wl/z=(RT/nF){3.53+3.46~sw2(~sw+8.1) -l } (1)  

The measured values of W~/2 (Table 1) for C rRu  are 
124_+ 4 mV for both metal centres and ferrocene, consistent 
with the prediction from Eq. (1) of 123 mV at 293 K for 
n = 1. The same equation predicts W~/2 = 101 and 103 mV 
for n = 2 and 3, respectively, whereas Table 1 clearly shows 
that whilst the bandwidth of the ruthenium centres (and fer- 
rocene) remain close to 124 mV, those of the chromium 
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CrRu 

- 0 . 6 - 0 . 4 - 0 , 2  0 0.2 0.4 0,6 0.8 1 t.2 1.4 1.6 1.8 

Potential vs SCE / V 
Fig. I. Cyclic voltammograms for CrRu (MeCN) at 100, 200, 300, 400, 
500 mV s- ~ and extended range scan 100 mV s- ~. 

C 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2 

Potential vs SCE / V 
Fig. 2. Cyclic voltammograms for Cr2Ru (MeCN) at 100, 200, 300. 400, 
500 mV s- i 

Cr3Ru 

? 
r,.) 

-0.6 -0.4 -0.2 0 0,2 0.4 0.6 0.8 1 1.2 

Potential vs SCE / V 
Fig. 3. Cyclic voltammograms for Cr~Ru (MeCN) at 100, 200, 300, 400, 
500 mV s -~" 
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Table ! 
Characteristic eleclrochemicat da!a for CrRu, CrzRu and (Tr.d{u '~* 

5"i 

CrRu Cr,Ru Cr,Ru 

k E p t m V  ~ 65 65 95 65 I35 65 
E~:~iV J + 0.45 - 0,37 ~ 0.45 -0.t6 *- 0 445 - 11 335 
W ~ / , I m V  ~" t 25 t 25 155 i 25 200 125 
Areas (SWV) 1:1 21 a:l 

Solution.,, of 0.1M B u~NBFa ( M e C N  I. 

Values for CrOs tire EI/o = +0.395. - ! 1 !5 V I vs. Fc: +5 mV); .AE~, - 65.65; ±5 mV 
" ' A E p = t ' 2 p . , - E p ~  ( for CVs; _+_5 mV): li'~:: (vs. Fc; 25 mV)= II2t  l:r~ ~ E r ~  t f,Jr CVsl 
'~ Ewe (vs. Fc; ± 5 mV) measured at peak current in SWV 
" W~/_~- SWV bandwidth I _4:. 4 mV) at ha~! maxhnum height 

/i /i / 

:::::::2 " . . . :  l 

- 0 . 8  - 0 . 6  - 0 . 4  - 0 . 2  0 0 . 2  0 . 4  0 . 6  0 .8  

Potential vs Fc / V 

Fig. 4. Square-wave voltainmogram for CrRu (MeCNL For÷.ard and 
reverse currents (dotted traces), difference current and peak integrations 
( solid Iraces I. 

............ 7:: .......... : . . . . . . . . . . . . . . . . . .  

,:, / 

i i / / 1  '; ! 

: ;  : : : - _ . j /  

i - - -  ! 
i 

: 1 

-0~  -0.6 - 0 :  - 0 2  0 0.2 0.4 0,6 0.8 

Poteiltial vs Fc 1 V 
Fig. 6 Square-wave vohamm.ogram for Cr.d/u (MeCN). F~,,'azd and 
reverse ct~rr.enL~ (do,ted traces), difference current and peak in!egrauvias 
( solid traces ), 

~ i :  I ~  

r,,,) ! 

4 . 

. I 

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 

Potential vs. Fc / V 

Fig. 5 Squareowave voltammogram for Cr~Rli IMeCN). For~,.ard and 
ro",crse currents (dotted ~races), differel~ce currcn'~ alld peak imegra~ions 
( solid traces ). 

centres are much larger at 153 and 198 mV tot CrzRu  and 

Cr3Ru,  respectively. This is consistent with tile dispersion 

observed in tl~e cyclic vo t tammograms indicating dlat the net 

two- and lhrec-cWclron oxidations actually consist of  two or 

three potentially distinct one-electron oxidations. To ~est this 

postulate two and three single e lecmm SWV difference peaks 

t W o : : =  t24 mY)  were comhh~ed c~,m-G~,utati~malh,, "|,lie 

resuham modelled peaks for ~,t~e chromium ccnlxes wc;e 

found to mimic the observed bandwidths and the throe 

r e t u r n : r u t h e n i u m  reladve peak heights lk~r Cr~Ru and Cr~Ru 

v:ith one-el~ctron SWV peak separations of  ~ 65 inV. The 

implicaUon is that alU~ough the chromium cen!res are equiv- 

alent by symmetry tile individual chromium eentres are eou- 

pied to one anotiler, albeit only to a smalt exlenL lhrough the  

ruthenium cemre and can communicate.  (A separaW.m of 65 

mV corresponds to a comproporU,<maUon constant of  t3.) 

"faking d~e analysis furd~er, as a!l li~e chromium centrc-s, me 
reversibie, the total area (Svl of the square-wave peaks fbr 

the chromium centres skould be additive (Eq. ( 2 ) )  and the 

inte~ated areas shouid correspond to simple muP;ples. The 

ruthenium centre in each case provides an iatern;d standard 

in thai it defines the area expected for a or~c-eiectron revers- 

ibte coupie at the same concentration (c  ÷:) and under the 

same conditkms. ( In bq. ( 21, A is the pianar eIec{rode surface 

area, f~ the square-wave frequency and D U~. ~ difi~sion 

coefficient. ) 

S-r = t . 9 3 1 n F c * A E s : : : ~  l~f )  t ' :  2) 

Figs. 4 -6  show the sigmoidal shaped integraUens !br the 

difference cu~ent  peaks and co~firm the ,  -~c~.ed ~atios of  
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1:1,2:1 and 3:t f within 5% ) for CrRu, Cr .Ru and Crd lu ,  
respectively in agreemenl with tile analytical Cr/Ru mole 
ratio results. 

Ae~other feature characteris6e of the Cr~Ru set is ti~e vir- 
tually invariant redox potentials of both the polyammine- 
ruthenium and pentacarbonytchromium centres. Previous 
comments [15] that [ (OC)sCr -CN}- ,  and other cyanide 
fragments, behave as pseudo ammine tigands is verified. For 
comparison the reduction potential for the hexaammineruth- 
enium(III) tris(trifluoromethanesulfonate) under the same 
conditions is - 0 .37  V (versus Fc}. 

3.4. Electronic absorption 

Absorption spectra were recorded within 5 rain of sample 
dissolution ( ~ 3 rag/10 ml) Ks the absorbance of some solu- 
tions appeared to decrease within 1 h especially in the air and 
sunlight. The most unstable in this respect was Cr?Ru in 
hexamethylphospboramide. 

Organic solutions of CrRu, CraRu, Cr3Ru and e r o s  are 
intensely cotoured in the visible region (Figs. 7-10). The 
absorptions are assigned to MMCT transitions from the chro- 
mium (d ~) centre to the Group VIII ammine metal (d s) 
centre through the cyanide bridge. The corresponding char- 
acteristic parameters, energy, bandwidth and intensity are 
shown in Tables 2 and 3. They are typical for such Robin- 
Day Class II systems [ I6]. 

The spectra are clearly solvatochromic. The solution col- 
ours for the CGRu set vary from pale blue-green to deep 
blue or purple whereas for the CrOs system the diversity of 
visible colours is quite spectacular. In nitromethane (NM) it 
is royal blue, acetonitriie (AN) blue-purple, acetone 
(ACET) red-purple, trimethylphosphate (TMP) red-pink. 
dimethylformamide (DMF) orange and hexamethylphos- 
phoramide (HMPA) yellow. Ammine complexes of mthen- 
ium(l l / I t I ) ,  and presumably osmium(Ii /III) ,  are known to 
exhibit sotvatochromic [ 16,30] MLCT, LMCT and MMCT 
transitions originating from the preferential stabitisation of 
the ruthenium (Itl) slate to the ruthenium(II) state through 
outer-sphere i~ydrogcn bonding between Lewis donor sol- 
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vents and the acidic ammine prvtoi~s. Effects have been 
correlated adequately using the Gutmann solvent donor num- 
ber (DN) scale [31,321. The profiles (Figs. 7-10) all show 
the expected increase in CT energy with solvent donicity 
together with a decreasing intensity on account of increased 
electronic ~otemial asymmet D' between the ground and 
excited states aim fires leduced coupling I 16]. 

The total shift in MMCT e~ergy from nitromethane to 
hexamethylphosphoramide is greatest for CrRu ( ~ 7 7 0 0  
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Table .i 

M M C T  b a n d  charac[erislics for CrOs in va_riou~ apwuz organic sohcm,  

S o l v e n t  a C r O s  
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NRromethane I NM ) ~ 271 ~' 
Nitromelh~me ( N M  ) ( 2 . 7  ) " 
Acemni~fi!e {AN) ~ 14 I ) 
Acetone CACET} ~ 17 % 
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Hexamethylphosphoramide ~ HMPA 1 

} 6690 "%}9 
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Ou le rospBcre  e n v i r o n m e n t .  S i m p ] i m i c a l l y .  o n e  v.'<m~d ,expect  

tt~is s e n s h i v i b 4  , e f l e c t e d  in t he  2 "  " "  ' u, au~.m.,,.  ~o b c  d i r c d } y  f;r~- 

p o r t i o n a t  to  the  n u m b e r  o f  s o l v e n t  m o l e u u b s  m @c inm?::dm~c 

s e c o n d  s p h e r e  o r  c o n v e r s e l y  to ~hc mmJ~,er cff a m m m ¢  I~gar~db 

s l e r i c a l l y  a c c e s s i b i e  Io p a r t i c i p a t e  ir., ou~cr - '@~erc  ~%drugcr~. 

b o n d i n g .  A h h o u g h  t h 4 r c  a rc  (m}y t iKce da~a p,,,',m~s. 

219{  : k 7 ) ,  I 5 8  ,~' : tT}  a ~ d  t i 6 ( : z 8 )  c m  ~ / i ) N  h ~  C r R m  

C r ,  R u  a n d  C r 3 R u ,  ret, p e c i i v N y ,  ll~e r e s u i t i ~ g  ime ,a '  c o r r e -  

l a t i o n  is ~ . 5 1 (  _ + 6 } c m  ~ ! O N : a r ' ~ m m e  g~x:,up { R = 0 . 9 9 4 ~  

~!{~ V{ 4 , { u t  

2}20 , i 5~  
201!, L-% ¢ 
tT~t; 4"7t ~, 

g i v e n  b )  ~-i ,~-~p a ~ d  \ V c a ~ c r  iPS~ ~ ~ - 3 7 . 9  c m  ~ / D N /  

a m m i a ¢  ) a n d  s ~ e c t r o s c o p [ ¢  d a t a  b ?  M c ) ' c r  ~nd  c o - ~ o , r k c r s  

~ ]  for  fl~c co ,mpie~  se~_ [ R t a  NH~ i.>{ h i p }  ~ d m c  t~ ~ 1 

C r { C O  i X ~ N -  in t h e - e  <~xtcm,~ [ h c  sH~,cm sc~rsi[['~b O o f  

{,~rO.~° IXSi + 7 )  ci*~q ~,:[)N° f h 4 a i  sh i f t  ~-676,0  c m  : :  [~ 

s } i g b ] y ~ m a H e r l h a n "  ~ ~ ' ¢~> o m,~ rud~o:~ium > n a b ~ u e  p r d ) a b } }  
L , ~  }{x tW!t~Hcl ~ ts { sf '  ('~ ;tCC©~r.q o f  {lie [OFLn,~"'; ,~a~ ~f='r t.i i£k 

charge dcns ib '  m-,~d subscqucm w e a k c r  arnmM, c ac idhv .  "Y::c 

h~.r[~c sowc,:~l _re,e; if< C r R ~  f 77C~{} cm ~ i m H  C r O s  ~ ,qTOIt 
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er.~ergie, h~r CrOs. CrRu,  (2rzl{u and Cr~Ru. CrO~,: v . .  i can ~i : 
157201160} - ~88171DN; R=0.997.  CrRu: vo,,~ (era ~} = 9 6 i ~  170} 
+21917}DN; R=0.997.  Cr ,  Ru: I01101!701~" !58171DN; R=0.995.  
Cr~Ru: G~,~ { cm ~ } = !02801200~ + 116( 8 }DN: R = 0.988 

cm ~) arc worth comparing with the hypsochromic intra- 
mo[ecular CT transition ;ff pyridinmm N-pheno} betaine. It 
forms the basis of  the we!i-k~ov,'r~ aid most comprehensive 
Ev so.lvent scale. Reichard~ ~-epc~'t~ 13:{! a ~i~iit o!' ~.-9701} 
cm -~ for this beta}no f;om 453 nm {water} to 8 i 0  nm 
( diphenytether ). 

One of the reasons for co,wetting the triflate sa l t  ; CrRu 
into the hexafluorophosphate salt was to enhance its solubility 
in the weakiy donating solvents, nitromethm:e and chloro- 
acetonitrile. Surprisingly it was lkmnd that the MMCTenergy 
sc,.',med to depend significantly on ~he co~mter io~ TaMes 2 
ant{ 3 show that R>r this amon exchange ~,hcre is a diflerence 
of up to 700 cm * in nitromethane even though the chro- 
mophore conce~tratioL~ is only around 0 2  mill}molar. In ace- 
tonitMe and higher donating solvents this anion exchange 
produced ~ittle or no change in the CT energy, however, this 
single point energy change alters the gradient for CrRu ( Fig. 
t l  ) from 200 to 219 c m  ~/DN. Similar effects occur i\~r 
CrOs; ti~e triflate salt is purple but the hexafluorophc~sphae 
satt is royal blue, Such anion outer-sphere sensitivity is worth 
further i~westigation in rcsl::ect of chemical sensing usi~g 
optical and electrochemicaI probes. 

TaNe 2 arid Figs, 7-9 also show that ~he intensity and 
handwidth~ a:~d therefore the integrated inleasi,~y ff~r ,t~e 
CGRu :;cries inerease~ w i l h  the  t~urtd~cr o{' cht<~mi~tm gr©tlp~L 

Onc intuitively expects this o~ account of the greater transi- 
tion probability t%r the MMCT with increasir~g tl~e numDcr 
of bound chromium cenlres but analysis reveals that there 
appears to be no simple correlation for this observation. 

With the recent reported [35 ! synthetic methods into cis- 
tetraammine- andfac-triammine-osminm chemist&,, the ana- 
logues. C h O s  and C h O s  should be accessible. 
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