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This paper examines complete series of substituted ruthenium halide complexes ranging stepwise from [RuX6j2- through 
[RuX,(RCN!,]' to [Ru(RCN),l2+ in order to define the variation in electrode potentials (Ruvliv, RU'~/''', and Ru"'/~I) and 
the accompanying trends in both halide-to-metal and metal-to-nitrile charge-transfer spectra. Three series are described: X = 
CI-, RCN = PhCN; X = CI-, RCN = MeCN; and X = Br-, RCN = PhCN. Voltammetric studies show that the metal-based 
electrode potentials are a linear function of stoichiometry: the effect on El  of replacing each halide by nitrile is consistently 
+0.6 V for Ru"'/" and RurV/'I1 and +0.45 V for Ruv/Iv. For [MX,,(RCd),]' complexes in general, the same dependence of 
electrode potentials on stoichiometry is shared by congeneric 4d" and 5d" metal ions such as Ru and Os and by isovalent metal 
ions as diverse as RuIV and Nb". These measurements consolidate and extend the application of additive ligand electrochemical 
parameters. For the [MC1,I2- complexes of 4d and 5d transition metals, with MIv ranging from Mo to Rh and from W to Ir, 
the halide-to-metal charge-transfer energies are shown to be linearly dependent on the appropriate electrode potentials, E1/2!M'v/i1i). 
For each complex in the [RuX,(RCN),]' series, the charge-transfer spectra have been recorded in all accessible oxidation states 
(RuiV, Ru"', and Ru") by spectroelectrochemical measurements. The progressions in LMCT and MLCT band positions with 
stepwise substitution are complementary to the trend in the appropriate metal-based electrode potentials. Compilation of the 
electrochemical and spectroscopic data yields a conceptual representation of the relative frontier-orbital energies of ruthenium, 
halide, and nitrile as a function of stoichiometry. 

Introduction 
Comprehensive investigation of 4d and 5d transition-metal 

hexafluorides and hexachlorides (Zr to Pd and Hf to Pt) has 
revealed a rich pattern of reversible redox couples [MX6]z/PI ( z  
= 0, -1, -2) with the successive El /*  values following orderly trends 
across each series related to central ion core-charge and inter- 
electronic correlation terms.'.2 Recognition of these important 
periodic progressions for the hexahalometalates prompted us to 
seek similarly rational patterns in the electronic properties of the 
general category of complexes with the stoichiometry MX6,L,. 
That is, we expect similar patterns in E!/2 for substituted com- 
plexes of a specific stoichiometry containing an invariant neutral 
ligand L, as M varies across the periodic table. For such patterns 
to occur it is necessary that common to all these metals should 
be a systematic descent in electrode potential from MX6, through 
M X d ,  to ML6. This corollary is the focus of the present paper. 

Here we report on the electrochemistry and optical spectra of 
exhaustive series of nitrile-substituted ruthenium complexes 
[Ru&,,(RCN),,]' (R = Ph or Me; X = Br- or Cl-), with n ranging 
stepwise from 0 to 6. Each complex was derived from [RuX612- 
by successive electrochemically induced halide displacements (n 
= 1-4), followed by chemically promoted halide abstraction (n 
= 5 ,  6).3 The voltammetric survey of these seven-membered series 
reveals a notably strict linear and parallel dependence of the 
RU'"/~~' and Ru'ii/ii redox couples on the number of halide ligands. 
For each stoichiometry, we describe the electronic charge-transfer 
spectra in all accessible oxidation states RuIV, Ru"', or Ru". 
Throughout each [MX6,(RCN),,I2 series the behavior of the 
charge-transfer spectra is complementary to the progression in 
electrode potentials. That is, the absorption energies for both 
LMCT (X - Ruiil or X - RuI") and MLCT (Ru" - RCN) 
bands are shown to vary in an orderly way with the degree of 
halide ligation. A preliminary account of this work has been given 
elsewhere.' 

The existence of systematic ligand additivity effects in relation 
to metal-based electrode potentials is receiving increasing rec- 
ognition. Chatt and Pickett assigned quantitative ligand param- 
eters (PL) based on shifts in the ds/d6 couples of Cr(CO)5L and 
M ( ~ P ~ ~ ) ~ L L '  complexes (M = Mo, Re, Fe).5 Bursten has 
provided a formal ligand-field analysis, together with a general 
review of ligand additivity in metal carbonyl derivatives and several 
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related systems.6 Datta has demonstrated that ligand additivity 
effects, as defined by PL, likewise prevail in Ru(bpy),LL' com- 
plexes' and has discussed the relationship between the Chatt and 
Bursten parameterizations. 

Of particular relevance to this work are the less extensive series 
[MCl+,(MeCN),,]' (M = Nb, Ta; n = 0-2)* and [OsClbn(py),]" 
(n = 0-4)9 and also the dinuclear systems [ R U ~ ( ~ - C ~ ~ ) C ~ ~ , L , ] ~ , ~ ~  
which exhibit equally systematic linear trends in metal-based 
electrode potentials upon replacement of halide ions by neutral 
ligands. Since the submission of the present paper, an extensive 
collation of voltammetric data by Lever has appeared in which 
a new electrochemical parameter scale for numerous ligands is 
derived from ligand-additivity relationships." 

The possible utility of combining electrochemical and 
charge-transfer spectroscopic data is receiving renewed attention.I2 
It has been demonstrated repeatedly that the metal to ligand 
charge-transfer transition energy varies linearly with the measured 
difference in metal and ligand electrode potentials for ruthenium 
and osmium bipyridyls and related comple~es . '~* '~  This paper 
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reports that a corresponding and equally systematic relationship 
exists between ligand to metal charge-transfer energies and central 
ion reduction potentials in [MC1612- complexes containing a wide 
range of 4d and 5d metals.I5 In addition, with the progressively 
substituted mixed halide/nitrile compounds at our disposal, we 
are able to show simultaneously that empirical hv - AEl/2 rela- 
tionship prevail for both LMCT and MLCT spectra in the mixed 
halide/nitrile complexes. It is then possible to compile the optical 
and electrochemical data so as to map the relative metal and ligand 
frontier-orbital energies in each [RuX6,,(RCN),,]' complex. 
Defined in this way, the frontier orbital domain (Ru dr, C1- or 
Br- T ,  and RCN r*)  is shown to change dramatically as n in- 
creases from 0 to 6.  
Experimental Section 

Voltammetry. Variablatemperature voltammetric measurements were 
conducted in CH2C12 or in mixed RCN (S20%)/CH2Cl2 solvent systems, 
0.5 M in Bu4NBF4, by using a PAR 170 electrochemistry system and a 
standard three-electrode configuration. The required solvents were dis- 
tilled from appropriate drying agents under N2 immediately before use. 
The el&trolyte was recrystallized from ethyl acetate/ether and dried in 
stages (room temperature to 100 "C) under vacuum until a satisfactory 
voltammetric range was achieved (h2 V in CHzC12). The nonaqueous 
reference electrode was of the form [AglAgC11(CH2CIz/0.05 M Bu4NC1, 
0.45 M Bu4NBF4)J and was constructed from a Metrohm 24-140 Ag/ 
AgCl assembly separated by a fritted salt bridge. The reference electrode 
was maintained at room temperature during voltammetric measurements, 
the thermal gradient being within the salt bridge. Under these conditions 
the oxidation of ferrocene is observed at +OS6 V at 20 OC and was found 
to vary by no more than 30 mV between -70 and 20 OC and over the 
range of mixed CH2C12/RCN solvents. Linear dc voltammograms em- 
ployed a Tacussel ED1 rotating platinum electrode (rpe) in the range 
1 ~ O O O  rpm, while cyclic and ac voltammograms employed I-mm 
Pt-disk working electrodes. Routine scan rates were 100 and 200 mV 
s-I in cyclic voltammetry and IO mV s-I in other modes, with positive- 
feedback rtsistance compensation and phase-sensitive detection (w = 200 
Hz) in ac measurements. Solutions were typically IO-' M in complex 
and were purged with Ar to exclude Ru"/N2 coordination. Cell tem- 
peratures were maintained by immersion in a constant-temperature bath 
and were monitored by a digital thermometer probe within the cell so- 
lution. The measured potentials were corrected for the influence of 
temperature and solvent variation by cross reference to internal redox 
standards, (BU~N)~[RUX~] ,  (Bu,N)[RuX4(RCN)2]. or [Fe(C5H5)21, as 
described below. 

Charge-Transfer Spectra. The electronic absorption spectra in the 
range 45 000-10000 cm-l were recorded with a Perkin-Elmer Lambda 
9 double-beam spectrometer operating in linear wavenumber mode with 
digital background subtraction. Accessible oxidized and reduced species 
were characterized by electrogeneration in a chilled optically transparent 
electrochemical cell mounted in the spectrometer. This cell is of one- 
piece fused-silica construction and embodies a conventional-geometry 
0.5-mm path length optical cuvette (Suprasil W) expanding to a tubular 
upper section to accommodate the counter and reference electrode as- 
semblies. The electrolyte solution is prepurged of O2 and introduced by 
syringe. The platinum spiral counterelectrode and the Ag/AgCl refer- 
ence electrode are both isolated by frits, and the reference electrode is 
maintained at ambient temperature. The working electrode is a 40 mm 
X 9 mm rectangular section Pt gauze of 70% transmittance located 
centrally in the optical beam. 

The generation potential is set 150 mV beyond E!/2 to achieve ca. 99% 
conversion. Typically, electrolysis is complete within minutes in the 
thin-layer region of the cell, in contrast to the 'instantaneous" Nernstian 
equilibration expected of an idealized thin-layer electrode (OTTLE) cell 
of sandwich construction and path length <0.1 mm. This consideration 
is far outweighed by the operational advantages of having a stable 
leak-free cell in the present application, working with sensitive compounds 
in nonaqueous solvents over a wide temperature range. The macroscopic 
path length also yields superior optical densities at convenient concen- 
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Table I. Electrochemical Data for [RuX,(RCN).IZ/*, Measured vs 
Ag/AgC1° under the Conditions Indicatedb 

n VIIV IVIIII III/II 
X = C1-, L = PhCN 

I C  2.23 0.86 -0.80/ 
26 1.45 -0.27 
36 2.03 0.39 
46 1.02 
5 c  1.60 
6c 2.23 

X = Cl-, L = MeCN 
Ob 1.78 0.22 -1.51 
1 C  2.20 0.82 
26 1.45 -0.38 
3d 1.89 0.29 
4d 0.84 

X = Br-, L = PhCN 
Ob 0.14 -1.46 
Id 0.78 
2 b  1.41 4 . 1 5  
3d 0.38 
46 0.97 
5 e  1.55 
tic 2.23 

"The E I l 2  values listed here, recorded as described in CH2C12 vs 
Ag/AgCI, can be compared with electrode potentials measured vs 
common reference electrodes in CH,CN at ambient temperature, as 
follows: values in CHICN are estimated to be -65 mV more positive 
when referred to the NHE, -180 mV less positive when referred to 
the SCE, and -600 mV less positive when referred to Fc/Fc+ (see EL 
correlation discussion and ref 11). bCH2C12 at -70 OC. elO% 
RCN/CHzC12 at -30 OC. d20% RCN/CH2C12 at -30 OC. 'CH2C12 
at room temperature. was estimated from the cathodic peak. 
#Measured by cyclic and ac voltammetry, in 0.5 M Bu4NBF4; all val- 
ues internally cross-referenced to [RuX6I2-/" and/or [RuX4- 
(RCN),]1-/2- (see text). 

ob 1.78 0.22 -1.51 

Table 11. Measured Shifts in Electrode Potential for V/IV, IV/III, 
and 11/11 Couples of Nitrile-Substituted Metal Halide Complexes 
[ MXb,(RCN),]z/'L (Volts per Halide Displaced)' 

complex V/IV IV/III III/II 
[RUCI~,,(P~CN),]' 0.45 0.60 0.62 
[ RuCI,,( MeCN),]' 0.43 0.57 0.59 
[RuBr,,(PhCN),]' 0.64 0.59 
[OSB~,,(P~CN),]~ I' 0.43 0.58 
[NbC1,,(MeCN),Iz8 0.45 
[ TaCl,( MeCN),]' 0.50 

'Consult Results for the precision of the ruthenium slopes. 

trations. The cell is mounted in a cryostatic cell block fitted with gas 
ports and is chilled by a flow of cold dry N2 as commonly employed in 
ESR/NMR technology. Temperatures in the range 0 to -80 OC are 
maintained precisely by an automatic Bruker B-VT lo00 control unit. 
Thermal fluctuations greater than h 2  OC are sufficient to disrupt ism- 
bestic optical density measurements because of the associated variation 
in solution volume. 
Results 

Voltemmetry. Table I presents the El12 data for each of the 
18 complexes studied, comprising two complete series ( n  = 0-6, 
L = PhCN, and X = C1- or Br-), and an incomplete series ( n  = 
0-4, L = MeCN, and X = C1-). In each series, the compounds 
of stoichiometry RuX5(RCN) to R U X ~ ( R C N ) ~  were electro- 
generated in turn from [RuX612-, as described el~ewhere.~ 
Throughout this work [RuC14(RCN)J, [RuCI3(RCN)J, and 
[RuCI~(RCN)~] were encountered only as their respective trans, 
mer, and trans isomers, as confirmed by X-ray and spectroscopic 
data.'J6 Nor was there any indication of redox-linked isomer- 
ization, even on electrosynthetic time scales. 

(16) Duff, C. M.; Heath, G. A.; Willis, T. C. Acta Crystallogr. 1990, C16, 
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Table 111. Position of the Principal LMCT and MLCT Bands in [RuX+,,(RCN),I2 Complexes (X = CI- and Br-) as a Function of Stoichiometry 
and Oxidation State-f 

Ru" - RCN Ru" - RCN 
stoichiometry CI - RuIV CI - Ru"' (chlorides) I (bromides) Br - RuI1' stoichiometry 

RUC16" 
RuCIj(PhCN) 
RuCIJ( MeCN) 
RuC14(PhCN),b 
RuCI4( MeCN),bd 

RuCI,( MeCN)," 
RuCII(PhCN), 

RuCIz(PhCN)4 
RuCI(PhCN)J 
Ru(PhCN)6 

20 250, 22 240 28 250, 30 980* - 
20 500' 26 400* 
20 600* 27 000' 
17910, 19140* 23720, 24500 23 065* 
17 800, 19 600* 24 250, 25 200 

23 790 25 690* 
20 200. 24 800 

21 460* 29 270 
19 loo* 33 200 - - 36 230 

- 21 250, 25 670* RuBr6' 
19750, 21 400* RuBrj(PhCN)b 

22 600* 17 500, I9 600 RuBr4(PhCN),b 

26 IOOS 18 000. RuBr,(PhCN), 

30 500 15700* RuBrZ(PhCN)4 
33 300 RuBr(PhCN)j 
36 230 - Ru(PhCN), 

'For the hexahalides, the mean of the TI, and Tzu transition energies is used in frequency vs stoichiometry correlations. bThe double entries refer 
to halide-based spin-orbit splitting of the orbitally degenerate transition. Data indicated by asterisks were obtained by in situ spectroelectrogen- 
eration, conditions as given in Table I unless otherwise noted; data without asterisks refer to stable compounds measured under Ar in CH2CIZ at 20 
OC. dSpectroelectrochemical generation in 0.1 Bu4NBF4/CH3CN at -35 OC. eExtensive observations confirm that these data are unchanged by the 
presence of electrolyte or nitrile, or varying temperatures, providing stability is maintained. /For X - Ru"' bands,, the assigned transition sym- 
metries are as follows: n = 0, TI, and Tzu; n = 1, E; n = 2, E,; n = 3, A,; n = 4, E,; n = 5, E. 

c - 

- I  O! 

[ RuCl~-,(PhCN),]' 
- 2 4  I I I 1 1 1 1  

Figure 1. Electrode potentials of the series [ R U C ~ + , , ( P ~ C N ) , ] ~ ~ ~ ~  as a 
function of stoichiometry: correlation of E , I ~ ( R u ~ / ' ~ )  (a), E,/z(Ru'V/ll') 
(W), and E,/2(Ru"'/11) (+) with the number of nitrile ligands (n ) .  The 
electrode potential data are listed in Table I; the least-squares fitted 
gradients are found in Table 11. 

All couples showed reversible voltammetric response under the 
conditions given in Table I, except for [RuXs(RCN)]*-13- and 
[RU&]*-'~. A wealth of redox-linked substitution chemistry arises 
when temperatures are higher or the concentration of nitrile 
greater than specified in Table I, but this subject is taken up 
~epara te ly .~  

Our primary objective here is to reliably define the relative 
electrode potentials within the RuX,(RCN), family, even though 
the conditions necessary to achieve reversibility for the various 
couples differ widely and are frequently mutually incompatible. 
Therefore all measurements in Table I are cross-referend to one 
or both of two accessible internal standards, [RuX,]~-/~- and 
[ R u X ~ ( R C N ) ~ ] ~ - / ~ -  (X = C1- or Br-, as appropriate), which are 
set at  their CH2C12/-70 OC values (vs Ag/AgCl). Determined 
in this way, the values listed are mutually consistent within 30 
mV and agree with independent measurements made with fer- 
rocene as an internal reference. 

The general trend of the three accessible electrode potentials 
( Ruv/Iv, RU'~/"', Ru"/") with varying stoichiometry is illustrated 
in Figures 1 and 2. Least-mean-squares treatment of the data 
confirms close linear correlations between the EIl2 values and the 
extent of halide ligation (6-n), as detailed below. 

[RuCk,(PhCN),P Data (Figure 1). The El/2(Ru111/11) values 
for n = 0-6 define a line of gradient +0.62 V/chloride lost 
(V/Cl-), with a correlation coefficient (r) of 0.999. Similarly, 
El 2(Ru"/"I) values for n = 0-3 vary by +0.60 V/Cl- with r = 
1.600. E, 2 (R~V/ 'V)  shifts by +0.45 V/Cl- between [RuC1612- 
and [RudS(PhCN)]-. 

[RuBr,,(PhCN),P Data (Figure 2). The El 2(R~111/11) values 
for n = 0-6 vary by +0.59 V/Br- with r = 6.998. The 

0 1 2 3 4 5 6  
Number of nitrile ligands 

[RuBrs-,(PhCN),]' 

0 1 2 3 4 5 6  
Number of nitrile ligands 

-2 

Figure 2. Electrode potentials of the series [RUB~+, (P~CN) , ]~ /~~  as a 
function of stoichiometry: correlation of E , ~ z ( R u ~ v ~ l l ~ )  (W) and El/z- 
(Ru"'/") (+) with the number of nitrile ligands (n). The electrode 
potential data are listed in Table I; the least-squares fitted gradients are 
found in Table 11. El  2(R~111/11) for [ R U B ~ ~ ( P ~ C N ) ] ~ - / ~  is predicted to 
be -0.83 V, and EIIz(Ru'v~lll) for [RUB~,(P~CN),]+'/~ is predicted to 
be +2.05 V. 

(RU'~/"') values for n = 0-2 vary by +0.64 V/Br- with r = 1 .OOO. 
The RU'~/" '  couple of [RuBr,(PhCN),] is unobservable due to 
the intervening destructive oxidation of bromide., 

[RuCI,+,(MeCN)J Data. The El l2  values for this series were 
determined for n = 0-4. The Rul"/" couple shifts by +OS9 V/Cl- 
with r = 0.999, and the RuTV/I1' couple shifts by +OS7 V/Cl- with 
r = 0.995. In addition, E l  2(R~V/1V)  shifts by +0.42 V/Cl- 
between [RuC1,I2- and [Ru&(MeCN)]-. 

Charge-Transfer Spectra. The electronic absorption spectra 
were recorded in the range 45000-10000 cm-I. Principal 
charge-transfer bands are listed in Table 111. For the oxidized 
and reduced species, initially detected by the reversible voltam- 
metric response of their parent compounds, the optical spectra 
were obtained by in situ generation in a spectroelectrochemical 
cell. This technique has enabled us to characterize 17 otherwise 
inaccessible species: [ R U ' ~ C ~ ~ - , ( P ~ C N ) , ] " ~ ,  n = 1-3; 
[ R ~ ' ~ c l ~ - , ( M e c N ) , ] ~ ~ ,  n = 1-3; [Ru'~'C~~-,(P~CN),]"~, n = 
1,4,5; [RU"'B~+~,(P~CN),]"~, n = 1, 3,4; [Ru~~CI+,,(P~CN),]~,  
?I = 2, 3; [ R U " B ~ ~ - , ( P ~ C N ) , ] ~ ,  n = 1-3. 

A typical experiment is illustrated in Figure 3, which shows 
the anodic generation of [ R U ' ~ C I ~ ( M ~ C N ) , ] +  from [Ru1"C13- 
(MeCN),] a t  -35 "C and +2.1 V. The maintenance of strict 
isosbestic points in successive spectra strongly suggests the presence 
of a single product throughout the course of the e1ectrolysis.l" 
When electrogeneration is complete, the product should be re- 
turned to the initial state by application of the appropriate po- 
tential, in order to verify the chemical reversibility of the process 
through full recovery of the original spectrum (as in the present 
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Figure 3. Spectral progression accompanying anodic electrogeneration 
of [RuC13(CH,CN),]+, at -35 OC and +2.1 V, from [RuCI,(CH,CN),] 
( 5  X lW3 M) in CH,CN containing Bu4NBF4 (0.1 M). Arrows indicate 
the direction of change. 

v MLCTCI 
0 MLCT Br ii 

20J I I I I I 1 

1 2 3 4 5 6  
Number of nitrile ligands 

Figure 4. Ruthenium(I1) to nitrile charge-transfer band energy as a 
function of stoichiometry. Band maxima (Table 111) are plotted vs n for 
[RUX,,,(P~CN),]~? X = CI (V) and X = Br (0).  

example). These stringent criteria have been applied throughout 
this work. For a reactive compound, the technique permits a high 
level of confidence in all features of the spectrum because of their 
progressive and reversible development. 

The requirements for successful reversible electrogeneration 
are intrinsically more challenging than for voltammetry, because 
the reactive species should retain complete integrity over a time 
scale of minutes or even hours rather than milliseconds. This 
brings the electrogenerated compound into the realm of normal 
chemical stability. For example, there may be a need for addi- 
tional free ligand to inhibit loss of coordinated L or lower tem- 
peratures to inhibit incorporation of further L or even a difficult 
balance between these contrary problems, bearing in mind that 
the stability of the complex in two oxidation states is simulta- 
neously at issue. As far as possible, the reversible voltammetric 
conditions presented for individual systems in Table I were chosen 
to match the requirements for chemically reversible spectroe- 
lectrochemistry as well. 

The charge-transfer spectra of the Ru" complexes are all 
relatively simple and permit ready analysis, since they exhibit one 
strong MLCT (Ru" - RCN) band. This band shifts system- 
atically to higher energy as the series progresses from [RuX4- 
(PhCN)2]2- to [Ru(PhCN),]*+ (Figure 4). Mean shifts per halide 
replaced of 3350 cm-I for X = CI- ( r  = 0.997) and 3300 cm-I 
for X = Br- (r = 1 .OO) were determined by least-squares treatment 
of the data. 

At the Ru"' level, the LMCT (X- - Ru"') bands shift to lower 
energy across the complete series, [RuX6]> to [RUX(RCN)~]~+,  
although there is clearly a deviation between n = 2 and n = 3 .  
Figure 5 shows the energy of the dominant LMCT band plotted 
against the extent of halide ligation (6-n). Overall gradients of 
-1930 cm-'/CI- (r = 0.96) for [Ru~~'CI,(P~CN),,]"~, -1800 

P I I I I 1 
6 5 4 3 2 1  

Number of halide ligands 

35 

30 

1 

25 E 
0 

20 O 

. - 
X 

Ei 

15 

IO 

Figure 5. Halide to ruthenium charge-transfer band energy as a function 
of stoichiometry. The optical data (Table 111) are plotted against the 
number of halide ligands (6-n) for [Ru&~(P~CN),,]': CI-- Ru"' (a), 
Br- - Ru"' (A), and CI- - Ru"' (m). Data for the RuW/CI- series are 
displaced by 5000 cm-I, as shown. 

51 \ 

t !41 7 3  

\" mo 

I - ]  I I I I 1 

- I  0 I 
EI,~(M'"""), Volts 

Figure 6. Correlation of central ion reduction potentials and chloride- 
to-metal charge-transfer band energies for a series of 4d" and 5dn 
[MCl6I2- complexes (n 5 5 ) :  Electrochemical data, E112(M'V1111), are 
drawn from ref 2; optical data r-t2,,(CI-) - t2,(MIV) are from Table 5.6 
of Lever's text.I2 The line has a gradient of 1.31 eV/V with a correlation 
of r = 0.983. 

cm-'/Br- ( r  = 0.96) for [Ru'~'B~,,(P~CN),]"~, and -1800 
cm-'/Cl- (r = 0.95) for [RU~~'CI,(M~CN),]"~ (not included in 
Figure 5) were calculated from least-mean-squares analysis. 
Separate analysis of the two distinct segments of each PhCN plot 
gives gradients of 2760 and 2350 cm-'/Cl- and of 2425 and 2300 
cm-'/Br-, for the first (n = 0-2) and second (n = 3-5) segments, 
respectively. 

For a given stoichiometry, the LMCT spectra of the RuIV and 
Ru"' states are similar in general appearance, as for example in 
Figure 3. The RuIV LMCT bands shift steadily to lower energy 
from [RuCI6]" to [ R U C ~ ( R C N ) ~ ] .  Analysis of the most intense 
LMCT band as a function of halide ligation (6-n) yields gradients 
of -1640 cm-'/CI- with r = 0.99 for PhCN/CI- substitution 
(Figure 5) and -1350 cm-I/Cl- with r = 0.92 for MeCN/CI- 
where n = 0-2. The band actually moves to higher energy for 
[RUCI,(M~CN)~]+ (Table HI), emphasizing the tendency noted 
above for the LMCT progression to be interrupted at  this point. 

Finally, looking more widely across the 4d and 5d elements, 
the acquisition of comprehensive electrode potential data for the 
hexachlorometalates (M = Zr to Pd and Hf to Pt)1*2 has made 
it possible to examine the correlation of halide to metal charge- 
transfer band energies with the appropriate central ion reduction 
potential. The hexahalide spectra are characteristically complex 
but well understood, with comparable Cl-(r) to M(dr) transitions 
readily identified in each case. Figure 6 presents the linear 
correlation between E,,2(M1v/111) and u-, for Cl-(t2,,) - MIV(t2 ) 
promotion, for all accessible [MCI,]~- complexes. AS recentry 
reported,I5 a parallel hu vs El12.relationship exists for the numerous 
4d and 5d hexahalides in oxidation state V, as well as for the 
smaller number of MI1' complexes with a vacancy in the tze subshell 
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[RuCb]'' - (RuC15(RCN)I' 

Duff and Heath 

[RuCb]'' - - [RuCl,(RCN)I*. 

RT/* WG~I/'KIV) = Eio(5) - El,2(6) 

to permit A - d* charge transfer. 
Discussion 

Voltammetry. The exact linearity of the El values as a 
function of stoichiometry within the present [Ruk6_,(RCN),]' 
series is striking (Figures 1 and 2). The consequences of differing 
molecular geometry are evidently minimal in these compounds, 
and the electrode potentials of the alternative cis-X4,fac-X3, and 
cis-X, isomers are not expected to differ significantly from the 
trends shown in Figures 1 and 2. For example, on AOM con- 
s iderat iod and on general structural grounds, it is mer- 
[RuX,(RCN),] rather than the absentfac isomer which should 
show any deviation of E,12(RuJ1J~J1) from the mean of [RuX6I3- 
and [Ru(RCN),],+. Theoretically, the divergence of values 
for isomeric complexes should increase with the difference in 
*-bonding character within the ligand The selection of 
nitrile as a representative neutral ligand in the present study was 
partly suggested by its modest *-bonding properties. 

As seen in Table 11, the difference in gradient between the 
acetonitrile and benzonitrile series is small but consistent for the 
V/IV, IV/III, and III/II couples (0.03 V/Cl- steeper for PhCN 
than for MeCN in each case). The El l2  data for corresponding 
chloro and bromo complexes are also very close, not only in 
gradient but in absolute value. These observations can be com- 
pared with the shift in the RuiIi/" couple upon halide/nitrile 
replacement at a Ru(bpy), binding site suggested by the 
Chatt-Datta analysi~,~.' where APd = 0.65 * 0.05 V for 
PhCN/CI and 0.52 f 0.05 V for MeCN/CI. 

In thermodynamic terms, the shift of 0.6 V in electrode potential 
we observe between substitutionally related complexes, for example 
between [RuCI,]~-/~- and [RuCI~(RCN)]-/~-,  means that one- 
electron reduction of the metal center promotes the halide-dis- 
placement equilibrium linking the two stoichiometries by an es- 
timated factor of loLo at rmm temperature (see Scheme I). The 
linear progression of the Rulv/ili electrode potentials shows that 
this very large promotion factor is essentially constant from the 
first to the last displacement of halide by nitrile. Furthermore, 
in this study the Ruiv/iii and Rulii/ii couples vary in a parallel 
manner, implying that the associated halide/nitrile substitution 
equilibria are shifted by the same factor upon reduction of RdJ1  
to Ru". This simple equality may conceal underlying complexities, 
since the shift for the available RuvIiv couples is significantly less 
(0.45 V). 

Nevertheless, as shown in Figures 1 and 2, the separation 
between Rulv/iii and Ruiii/ii couples is essentially constant at - 1.6 
V in complexes ranging in composition from RuX6 to 
RuX3(RCN), and possibly to Ru(RCN),. There is some justl- 
fication for this extrapolation to n = 6; although Ruiv/iii is 
unobservable for n > 3, the Ru"'/" line shows no deviation 
thoughout the range. As has been demonstrated for the parent 
hexahalide compIcxes,lJ the separation between successive redox 
couples of a given metal ion directly reflects interelectronic 
correlations within the t2, subshell. 

[RuiV] + [Ruil] -. [Ru"'] + [Ruil'] 
d4 d6 dS d5 

For this favored electronic redistribution between low-spin com- 
plexes of the same stoichiometry, the term [E1/2(Ruiv/i1i! - 

Ruiii/ii)] directly reflects the sum of the prevailing repulsion 
and exchange energies, expressible in Racah integrals as {A - 5BJ.I 
In the present context, the electrochemical data suggest that even 
wholesale replacement of chloride by nitrile does not cause a 

measurable nephelauxetic reduction of ?r-electron density at the 
metal. This is a surprising proposition given the apparent com- 
plementary nature of halide and organonitrile as potential rdonor 
and s-acceptor ligands, respectively. It is clearly related to our 
observation that electrode potentials of ruthenium binary hal- 
ide/nitrile complexes are not sensitive to structural isomerization, 
another situation where differential *-bonding should come to the 
fore. Bursten also finds the latter phenomenon 'nonintuitive".8 

Table I1 summarizes experimentally determined quantitative 
trends for all these nitrile-substituted metal halide complexes. The 
present findings are in accord with preliminary studies on 
[OsBr,,(RCN),]' where, on substitution of nitrile for bromide, 
the IV/III couples shift by 0.58 V while the V/IV couples shift 
by 0.43 Val7 It is remarkable that the sensitivity of the reduction 
potentials to ligand substitution is consistent for 4d and 5d metals 
(Ru and Os; Nb and Ta) and across the d block (group 5 and 
group 8 metals). For the various families of nitrile-substituted 
transition-metal complexes so far examined, the characteristic shift 
in reduction potentials appears to depend only on the oxidation 
state of the metal ion. 

Correlation with Ligand Electrochemical Parameters. In this 
section we discuss the relationship between voltammetric aspects 
of the present investigation, Le., the extended set of measured 
electrode potentials for [RuX+,(RCN),]' complexes, and Lever's 
recent wide-ranging study of ligand additivity." A new ligand- 
specific electrochemical parameter, EL, was established by ana- 
lyzing the additive influence of 2,2'-bi yridyl and accompanying 

(bpy),L2 and Ru(bpy)L4 complexes in acetonitrile. The data base 
was then further enlarged by consideration of a-diimines other 
than bpy itself. In this fashion values for many ligands have been 
estimated, including Br-, C1-, MeCN, and PhCN. In principle 
the electrode potential for any new permutation can be predicted 
by summing over the appropriate ligand array. EL is defined such 
that the relationship below is satisfied for each six-coordinate 
complex in the data set, where the intercept is expected to be zero 
when potentials are expressed vs the NHE and the least- 
squares-fitted gradient is expected to be one (for Ruiii/ii couples). 

E , I ~ ( R U ~ ~ ~ / " )  = m C E L  + b 

Inspection shows that the data base of ref 11 is rich in aceto- 
nitrile and chloride compounds; however there are no more than 
two X- or RCN ligands in any tabulated complex, and mixed 
halide/nitrile compounds are virtually unrepresented in the as- 
signment of Et values. Clearly, our measurements of E,12(R~1i1/i1) 
spanning all seven possible stoichiometries of simple binary 
halide/nitrile complexes provide a significant test of Lever's model. 
Impressively, the shifts estimated from CEL for replacement of 
C1- by PhCN or MeCN and of Br- by PhCN turn out to coincide 
within 10 mV with the accurate1 defined experimental gradients 

the following equation for the line of best fit: 

ligands (L) on the documented Ru"' P Ii couples of over 300 Ru- 

(Table 11). Plotting E112(Rui11/ 1 I) (Table I) against ZEL yields 

EI/~(RU"'/") = 1.OICEL - 0.063 
r = 0.999, 17 complexes 

Incidentally, the observed intercept constitutes a good, statis- 
tically averaged estimate of the numerical relationship between 
RulI1/" couples measured under our conditions and standard 
measurements in CH3CN vs the NHE (see Table I). 

Lever noted that few data sets exist for different oxidation states 
of the same metal ion and that no appropriate ones were available 
for Ruiv/iii. Our investigation redresses this in an ideal way, by 
examining the accessible RuJv/ilJ couples as well as the Ruiii/ii 
couples for the same compounds. This means that the corre- 
sponding relationship between El~2(RuiV~rr r )  and EEL can also 
be analyzed: 

E,/2(Ru1v/i1i) = l .OICEL + 1.523 
r = 0.984, 11 complexes 

(17) Duff, C. M.; Heath, G.  A.; Kang, Y. B. Unpublished results. 



Ligand-Additivity Effects on Electrode Potentials 

The good fit and unaltered slope, illustrating the application 
of E E L  values in this new context, both follow naturally from 
the observation of parallel variation in RU'~/"' and Ru"'/" couples 
with stoichiometry in [RUX~,,(RCN),]~. Equally, the difference 
in intercept in the two EEL plots reflects the characteristic s e p  
aration between Ru"'/'' and Ru'v/rrr couples, which has been 
discussed above (cf. Figures 1 and 2). 

Cbage-Tramfer Spectra As evident from the earlier discussion, 
placing an increasing number of halide ligands around the metal 
center effectively raises the energy of the d orbitals. Qualitatively, 
therefore, this should be associated with a progressive red shift 
of the metal to ligand charge transfer (Ru"(d?r) - RCN(?r*)) 
and a corresponding blue shift of ligand to metal charge transfer 
(X-(pr) - Ru1I1(dr) and X-(pr) - RuIV(d?r)). This expectation 
is modified by recognizing that the introduction of the negative 
ligands must also destabilize the neighboring ligand orbitals to 
an uncertain extent. 

The anticipated correlation between optical charge-transfer 
energy and the extent of halide ligation is amply demonstrated 
by the behavior of the Ru" to nitrile MLCT bands. Within the 
series [RuX,(PhCN),]' ( n  = 2-6, X = C1- and Br-) the MLCT 
band position is strongly dependent on stoichiometry and is in- 
dependent of the identity of the halide (Figure 4). The linearity 
of the correlation is surprisingly robust since it is evidently in- 
different to the variations in molecular symmetry, overall charge, 
and polarity. 

The halide to Ru"' charge-transfer manifold is more complex 
in appearance than the Ru" to nitrile charge-transfer manifold 
and exhibits greater qualitative variation through the series. 
However, the most prominent absorption arises from a physically 
analogous orbitally allowed in-plane transition in each case ( n  = 
0-9, despite the changes in structure and ~ y " e t r y . ~ * ' ~  Overall, 
the RulI1 LMCT band energies follow trends with stoichiometry 
which are complementary to the behavior described above for 
MLCT spectra. The LMCT bands of the Ru"' bromo series 
mirror those of the chloro series in appearance although increased 
splitting due to halide-centered spin-orbit coupling is evident in 
the doubly degenerate main band of [RuBr5(RCN)12- and 
[RuBr,(RCN),]-. The chloro and bromo plots in Figure 6 are 
separated by an average of 6000 cm-I, in accord with the easier 
oxidation of bromide. Thus, in sharp contrast to the RulI to nitrile 
transitions, the LMCT spectra are sensitive to the identity of the 
halide which is now integral to the chromophore. 

We associate the very noticeable deviation in the plots between 
n = 2 and 3 with the first removal of a halide ion from within 
the characteristic planar MX4 chromophore. This leads to pro- 
nounced stabilization of the donor levels of the remaining halide 
ligands with a consequent increase in chargetransfer energy. Both 
covalent halide/halide interactions and the opportunity for ex- 
tensive mixing of ?r(X-) with a(X- or RCN) levels in mer-MX3L3 
complexes under C, symmetry should be con~idered.~ However, 
a ready explanation is provided simply by the decrease in mutual 
X-/X- electrostatic repulsions within the MX3 chromophore. 

Spectral data at  the Ru"' level are limited to three complexes 
of the benzonitrile-chloro family and four of the acetonitrile-chloro 
family. Truncation of this series curtails investigation of the 
variation of the RuIV band energy with stoichiometry. However 
for the complexes with n = 0-2 there is a consistent progression 
of the LMCT bands to lower energy. These effects greatly exceed 
the modest concerted changes noted in optical spectra and 
El/2(M1v/111) for tetravalent [OsX4L2] and [IrX4L2] compounds 
when only the identity of the neutral ligand varies (L = PR3, 

Frontier Orbital Mapping. Thus far we have deliberately 
presented systematic relationships which are purely empirical, for 
example plotting electrode potentials or optical transition energies 
versus stoichiometry. However, it is instructive to merge these 
electrochemical and spectroscopic observations into one conceptual 

AsR3). l9 

(18) Verdonck, E.; Vanquickenborne. L. G. Inorg. Chem. 1974, 23, 762. 
(19) Cipriano, R. A.; Levason, W.; Mould, R. A. S.; Pletcher, D.; Webster, 

M. J .  Chem. Soc., Dalton Trans. 1990, 339. 
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Figure 7. Behavior of the frontier orbital domain in ruthenium chloro- 
benzonitrile complexes: the movement of EII,(Rq'l'I1l) (m), E*,/2(CIo/1-) 
(A), and E*112(PhCNo11-) (0) as a function of stoichiometry (constructed 
by use of q s  1 and 2, setting a = @ = 1.2). 

framework. We can ascribe notional redox potentials to 
the nitrile acceptor and halide donor, and so express the 
charge-transfer transition energies as follows. 
MLCT: 

LMCT: 
hv(Ru" - RCN) = c~[EI/~(Ru"'/") - E*1/2(RCNo/-)] (1) 

hv(X-  - Ru"') = @[E*1/2(X0/-)  - EI/~(Ru"'/")] (2) 

These equations are in accord with the wide-spread empirical 
observation of linear relationships between charge-transfer band 
energies and electrochemical potentials, and they have a firm 
theoretical foundation as explained below. The spectroelectro- 
chemical proportionality factor (a or j3) has been found to be 
constant in a given chemical context. For example, we observe 
a value of 1.31 for LMCT in [MClJ2- systems, taking E*l12(C10/-) 
to be invariant within that family (Figure 6), and Meyer found 
1.16 for MLCT excitation in numerous osmium(I1) diimine 
systems.14 This factor is typically somewhat greater than unity 
in accord with the intrinsic additional energization of the non- 
equilibrated optically excited ~ t a t e s . l ~ ~ ' ~  

Figure 7 shows the trend in frontier orbital relationships between 
metal and ligands for the [ R U C ~ , , ( P ~ C N ) , ] ~  family, constructed 
by use of eqs 1 and 2. Note that the vertical axis is related to 
electrode potential; i.e. these data are electron-transfer couples, 
not orbital energies, and as such they are particularly appropriate 
for describing both redox and optical charge-transfer phenomena. 
For example, the metal-centered electron/electron correlation 
terms, which require explicit estimation in other treatments,20 are 
automatically encompassed in experimental El12 values. 

If there were no change in the overall energy of the halide or 
nitrile orbitals upon progressive substitution, the rate of change 
of the charge-transfer transition energies would match that of the 
metal-based electrode potentials. By contrast, in circumstances 
where replacement of halide by a neutral ligand stabilizes the metal 
and ligand orbitals to the same extent, the charge-transfer bands 
will not shift with varying stoichiometry. The Jorgenson optical 
electronegativity model is equally restrictive since, in a specified 
oxidation state, neither metal nor ligand X ,  is considered to varyem 

For the binary halide/nitrile complexes of ruthenium studied 
here, it is clear that none of these models is adequate; replacement 
of each chloride by benzonitrile stabilizes the ruthenium orbitals 
to the greatest degree (0.62 eV), affects the *-donor levels of the 
remaining coordinated chlorides to a smaller extent (0.40 eV 
overall mean), and lowers the nitrile ?r-acceptor orbitals still less 
(0.28 eV). This may be compared with theoretical estimates of 
0.25-0.5 eV for halide/halide interactions in C ~ S - [ R U X ~ ( N H ~ ) ~ ] +  
(X = C1- or Br-).l8 

(20) Jorgenson, C. K. Prog. Inorg. Chem. 1970, 12, 101. 
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It is interesting to note that in the OsX6,,(NH3),, family (X 
= C1-, Br, I-: n = 2-4). where the measured change in the Os'v/lll 
couple is 0.33 V/X- rather than 0.6 V/X-, the halide to metal 
charge-transfer bands do not shift appreciably as the stoichiometry 
alters.21 Clearly, this is well accommodated by our model. A 
diagram for OsX+,,(NH3), constructed similarly to Figure 7 shows 
the metal- and halide-based couples declining at the same rate. 

In the mixed nitrile compounds, the characteristic shifts in 
frontier orbitals upon ligand substitution represent the summation 
of covalent and electrostatic effects of halide loss and nitrile 
addition. While these contributions cannot be experimentally 
partitioned, we stress that each introduction of a closed-shell 
negative-ion significantly destabilizes the neighboring halide and 
benzonitrile ligands. Thus, in addition to the familiar effects of 
the ligands on the metal center, a "ligand field theory for ligands" 
is required. The present analysis is an early step in the quanti- 
fication of these terms. For example, Figure 7 emphasizes that 
the distinct deviation observed between MX4 and MX3 chromo- 
phores in the Ru"' LMCT plot (Figure 5 )  arises specifically from 
additional stabilization of the halide donor orbitals in RuC13- 
(PhCN)3, as discussed above. 
Conclusions 

In complexes of general form MX+,,(RCN),, systematic re- 
lationships have been demonstrated between the extent of halide 
ligation and the electrode potentials characterizing the coordinated 
metal ion. The same dependence of EIl2 on n is found for both 
chloride and bromide, is common to congeneric 4d" and 5d" metal 
ions, and is shared by isovalent metal ions as diverse as niobium 
and ruthenium. 
As noted in the introduction, one corollary of such wideranging 

ligand-additivity relationships is that any family of complexes 
where the stoichiometry is fixed and the metal varies widely should 
show extended periodic patterns in electrode potentials.IJ For 
the hexahalometalates themselves, the optical halide to metal 
charge-transfer energies are now shown to systematically reflect 
the corresponding central ion reduction potentials. The spectra 
then provide an equivalent periodic expression of the underlying 
progressions in core charge, electronic correlation terms, and 
relativistic effects. 

The study of the RuX&,,(RCN),, systems has included inves- 
tigation of their accessible C1 - RuIV, C1- Ru"', and Ru" - 
RCN charge-transfer bands. These spectra also follow trends fully 
complementary to the orderly trends in the appropriate central 
ion electrode potential, once the accompanying variations in halide 
and nitrile frontier orbitals are taken into account. This approach 
offers an integrated empirical analysis of charge-transfer spectra, 
quantified by electrochemical measurements on the complexes 
concerned rather than by appeal to generalized optical electro- 
negativity parameters. Finally, as made clear in the Discussion, 
we stress that the very orderly empirical behavior presented here, 
characterized by linear progressions in both and charge- 
transfer energy, will not necessarily prevail in chemcally dissimilar 
systems. 
Appendix: Derivation of Equations 1 and 2 

serve would be 
The most general statement of the empirical behavior we ob- 

(3)  

In the present treatment such a constant, if non-zero, will simply 
be concealed in E*1/2, the value assigned to the electrode potential 
of the ligand, and has no bearing on our current conclusions. 
However, an explicit constant is not required in the development 
of eqs 1 and 2 from first principles, as set out below. 

It is necessary to define the half-cell reactions relevant to metal 
to ligand charge-transfer processes in solution. Representing the 
ground-state complex as [M-L] and visualizing the stable oxidized 
and reduced forms as [M+-L]+ and [M-L-]-and the equilibrated 
MLCT excited state as [M+-L-]*, we have 

hv (in eV) = aAE1/2 + constant 

(21) Buhr, J. D.; Winkler, J. R.; Taube, H. Inorg. Chem. 1980, 19, 2416. 

Duff and Heath 

a [M+-L]+ + e- - [M-L] EIl2(M+/M) 

b [M-L] + e- - [M-L-I- EI12(L/L-) 

C [M+-L]+ + e- - [M+-L-]* E*1/2(L/L-) 

The discussion between eqs b and c is that in the latter, voltam- 
metrically unmeasurable process, the ligand is reduced in the 
presence of the oxidized metal ion. 

We can now combine half-cells and specify AGO for the fol- 
lowing thermally equilibrated solutions processes, setting AEllz 
equal to minus the standard cell potential to avoid intrusion of 
negative signs. 

For the excitation reaction, the term AEl ,(excitn) is equivalent 
to the term [El12(Rui11/i1) - E*,/2(RCN0/-)] in eq 1 of the main 
text. Naturally, a corresponding set of electrode couples and cell 
reactions exists dealing with ligand to metal charge transfer. In 
correlating redox and optical charge-transfer behavior, there has 
been a tendency elsewhere to focus on AEl12(dispro) rather than 
AEl12(excitn), especially for the bipyridyl systems, prompted by 
the availability of both El 2(M+/M) and EII2(.L/L-) data. Re- 
action c-b measures the difference between disproportionation 
and the true excitation reaction. 

We take as our starting point eq 4, the relationship advanced 
by several authorities,22-26 where E, and AG refer respectively to 
the internal energy and free energy change in reaching the 
thermally equilibrated excited state from the ground state in 
solution. 

hv = E, + x ( 4 4  

h v = A G + X  (4b) 

The terms x and X are the associated internal energy and free 
energy contributions arising from vibrational reorganization of 
the complex and its solvent cage. The Franck-Condon excitation 
energy, hv, is itself entropy neutral and may be treated inter- 
changeably as a free energy or internal energy term. Meyer has 
developed eq 4a in He stresses that complexities are 
introduced in replacing the internal energy term E,, by measurable 
metal and ligand redox potentials. The necessary corrections for 
resonance, electrostatic, and entropy effects are documented in 
eq 18 of ref 22. 

We choose instead to develop the free energy relationship, (4b), 
taking advantage of the fact that we have so defined E*1/2(L/L-) 
that nF'AEl12 is an exact expression for the free energy of excitation 
in solution (AG). We note that X in (4b) is the sum of the 
intramolecular (4) and solvent dipole (a) contributions, and that 
both Xi and X, are themselves proportional to the energy gap 
between the excited state and ground ~ t a t e . l ~ * ~ ~  

To describe chargetransfer and intervalence transitions in which 
the electron is largely localized in initial and final states, Hush 
defines a vibronic coupling constant p such that x = pEo and hv 
= (1  + p)Eo (eq 18 of ref 26). Likewise, setting A = pAG in eq 

(22) Curtis, J .  C.; Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 1983,22, 224. 
(23) Dodsworth, E. S.; Lever, A. B. P. Chem. Phys. Left. 1984, 112, 561. 
(24) Marcus, R. A. J.  Chem. Phys. 1965, 43, 1261. 
(25) Sullivan, B. P.; Curtis, J. C.; Kober, E. M.; Meyer, T. J. Now. J .  Chim. 

1980, 4, 643. 
(26) Hush, N. S. Electrochim. Acro 1968, 13, 1005. 
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4b, we obtain hv = (1 + p)AG = aAG, where a = (1 + p).  Then, 
recalling AG = nFAEl/z(excitn) 

This is the physical justification for omitting an explicit constant 
in eqs 1 and 2. 

Note that in situations outside the present context when Eo 
becomes very small, as in intervalence charge transfer, p rises 
rapidly and hv >> Eo.26 Thus it is an abuse of the model to 
extrapolate the relationship to an intercept despite the excellent 
linearity in the present domain. 

Finally, we take the opportunity to show that Lever’s expression 
for relating hv to measured electrode potentials (eq 4 of ref 23), 
though apparently more complex in form, corresponds to our 
starting point (eq 4b). 
Eop = hv = [xi + nFAE(redox) + AAGs + Q] + xo + A(so1) 

(6) 

hv (in eV) = aAE,/2(excitn) ( 5 )  

In ref 23, xi and xo are used expressly for the free energy of 
reorganization, AE(redox) refers to the disproportionation reaction, 
and AAGs and A(s01) are solvation terms. Standardizing symbols 
and regrouping gives 
hu = [nFAEIl2(dispro) + Q + 

However Q is the “gas-phase resonance energy”, so that [Q + 
CAGWlv] equals nFAE,12(compro). Thus, eq 7 is equivalent to 

hv = nFIAEllz(dispro) + AE1/z(compro)] + hi + X, (8) 

The sum of the disproportionation and comproportionation/ 
promotion reactions in solution is the excitation reaction, ( e a ) ,  
above, so eq 6 is fully equivalent to eq 4b. 

Suppkmeatary Material Available: Tables of analytical data and data 
for Figures 5 and 6 (2 pages). Ordering information is given on any 
current masthead page. 

CAG,1JMLg* + ML,O - MLg+ - ML;)] + hi + X, (7) 
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Evidence for Intermediate (S = 1) Spin State Stabilization in FeII(4,4’-d~b)~(NcS)~ and 
Fe”( 4,4’-d~b)~( NCSe)2 (dpb = Diphenyl-2,2’-bipyridyl) from Susceptibility, Infrared, 
and 57Fe Mossbauer Data 
D. C. Figg, R. H. Herber,* and I. Felner 
Received June 12, 1990 

Magnetic susceptibility, 57Fe Mossbauer spectroscopy, and variable-temperature FTIR spectroscopy have been used to characterize 
the spin states of F~l~(4,4’-dpb)~X~ (dpb = diphenyl-2,2’-bipyridyl; X = NCS-, NCSe-) in the temperature range 6 5 T I 460 
K. Both complexes show a continuous variation of the field-dependent effective magnetic moment over this range. Below -325 
K, both the infrared and Mossbauer spectroscopic signatures are insufficient to permit characterization of the spin state(s) of the 
metal atom in these complexes, but at higher temperatures, the FTIR data can be accounted for by the increasing population of 
a high (S = 2) spin state, while the Mossbauer spectra can be accounted for by a rapid (on the Mossbauer time scale) relaxation 
between two spin states. The existence of an intermediate (S = 1) spin state for Fe(I1) is a consequence of a major distortion 
from octahedral symmetry of the metal-based orbitals, permitting a (near) degeneracy of the dg  and d, levels around this atom. 

Introduction 
It is well understood that a triplet state (S = 1) cannot be the 

ground state for an iron(I1) ion in an ideal octahedral environment 
due to the degeneracy of the tzl energy levels. However, if the 
effective ligand field is less than cubic, the possibility of a triplet 
ground state becomes theoretically possible.’ [Fe”( [ 1 Slane- 
N4)(N02)](PF6), where [ 1S]ane-N4 = 1,4,8,12-tetraazacyclo- 
pentadecane, is the single six-coordinated iron(I1) complex that 
has been reported to have a triplet ground state throughout the 
temperature region studied (96-352 K).z This complex is ex- 
pected to be severely distorted from octahedral symmetry if the 
nitro group is bonded to the iron atom through both of the oxygen 
atoms, as suggested by the infrared data reported by these authors. 
Other claims of such S = 1 six-coordinate iron(1I) complexes have 
been reported in the past, but have been retracted, on the basis 
of further experiments that indicated ground states other than 
a triplet state.3 A few four-coordinate FG+ porphyrins have been 
reported to be in a triplet ground state on the basis of several 
experimental techniques,& and a crystal structure has been re- 
ported. However, these complexes have a squareplanar geometry, 
and therefore, their triplet state results from, and is different from, 
the triplet state that would exist in a six-coordinate complex. An 
intermediate spin state for a five-coordinate Fe(I1) reported by 
Bacci et al.4b shows a smooth variation of the magnetic moment 
between 86 K (perf = 0.98 pg)  and 376 K (pCR = 2.26 pB). 

*To whom correspondence should be addressed at Rutgers. 
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The synthesis of new complexes that are related to known 
iron( 11) spin-crossover complexes [complexes known to undergo 
a thermally driven spin-state transition between the high-spin state 
(HS, S = 2) and the low-spin state (LS, S = O)] has been one 
objective of the present investigation. Such studies have been 
motivated by an effort to understand the effects that small changes 
in the microstructure of a complex have on the details of the 
spin-crossover transitions. Two new complexes have been syn- 
thesized: Fe(4,4’-d~b)~(NCS)~ and Fe(4,4’-d~b)~(NCSe)~, where 
4,4’-dpb is a 4,4’-diphenyL2,2’-bipyridine. These complexes are 
related to the well-studied spinamover complex F e ( b ~ y ) ~ ( N C s ) ~ ,  
where bpy = 2,2’-bipyridine. The magnetic and spectroscopic 
properties of the diphenyl complexes are quite different from those 
of F e ( b p ~ ) ~ ( N C s ) ~ .  This paper reports and discusses the mag- 
netic, infrared, and s7Fe Mossbauer data for the newly synthesized 
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