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Abstract 
The electronic characteristics of mixed-valence complexes are often inferred from the shape of 
the inter-valence charge transfer (IVCT) band, which usually falls in the near infra-red (NIR) 
region, and relationships derived from Marcus-Hush theory. These analyses typically assume one 
single, dominant molecular conformation. The NIR spectra of the prototypical delocalised (Class 
III Robin-Day mixed-valence) complexes [{Ru(pp)Cp’}2(μ-C≡C–C≡C)]+ ([1]+: Cp’ = Cp, pp = 
(PPh3)2; [2]+: Cp’ = Cp, pp = dppe; [3]+: Cp’ = Cp*, pp = dppe) feature a ‘two-band’ pattern, 
which complicates band-shape analysis using these traditional methods. In the past, the 
appearance of sub-bands within or near the IVCT transition have been attributed to vibronic 
effects or localised d–d transitions. Quantum-chemical modelling of a series of rotational 
conformers of [1]+–[3]+ reveals the two components that contribute to the NIR absorption band 
envelope to be a π–π* transition and an MLCT transition. The MLCT components only gain 
appreciable intensity when the orientation of the half-sandwich ruthenium ligand spheres 
deviates from idealised cis (Ω P–Ru–Ru–P = 0°) or trans (Ω P–Ru–Ru–P = 180°) conformations. 
The increased steric demand of the supporting ligands, together with some underlying inter-
phosphine ligand T-shaped CH-π stacking interactions across the series [1]+ to [2]+ to [3]+ results 
in local minima biased towards such non-idealised conformations of the metal-ligand fragments 
(Ω P–Ru–Ru–P = 33–153°). Experimentally, this is evinced by appearance of multiple bands 
within the IR ν(C≡C) band envelopes and increasing intensity of the higher-energy MLCT 
transition(s) relative to the π–π* transition across the series, and the appearance of a pronounced 
‘two-band’ pattern in the experimental NIR absorption envelopes. These conformational effects 
and the methods of analysis presented here, which combine analysis of IR and NIR spectra with 
quantum-chemical calculations on a range of energetically similar conformational minima, are 
expected to be quite general for mixed-valence systems. 

† Supporting information for this article is available on the WWW under 
http://dx.doi.org/10.1002/chem.2016xxxxx. 
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Introduction 

The electronic properties of compounds containing an unpaired electron distributed between a 
pair of electrophores, E, connected by some conjugated organic bridge has attracted attention for 
several decades. Such compounds are often described as mixed-valence compounds, E–bridge–
E±•. However this description of formal mixed valency is widely used to encompass not only 
molecules in which there is genuine localisation of the unpaired electron on one electrophore 
without interaction with the second (Class I mixed-valence in the Robin and Day scheme), those 
where there is a degree of electronic coupling between the electrophores and partial localization 
of the unpaired electron (Class II mixed-valence), as well as those where the coupling between 
the electrophores is so strong that they lose their independent identity (thus each electrophore 
formally has an equal fractional or averaged charge and it can be debated if these should be 
described as having mixed or averaged valency). Degrees of complexity may be added to these 
generic descriptions when the bridge is also capable of supporting the localisation of the charge. 
Some of those systems may be better described in terms of genuinely delocalised electronic 
states rather than from the viewpoint of strongly electronically coupled sites.  
 
The characteristics of the ‘inter-valence charge transfer’ (IVCT) electronic absorption band of 
such compounds are commonly used to infer the degree of electronic coupling between the 
electrophores within the framework of Marcus-Hush theory, and its variations. Many clear-cut 
examples of mixed-valence compounds that exhibit IVCT bands which correspond beautifully 
with the theoretical models are known; for example a series of bis(triarylamine)-based systems in 
which a progression from partial localisation to delocalisation is achieved by bridge modification 
has been described by Lambert and Nöll.[1] However, it is becoming increasingly apparent that a 
very great number, and probably the majority, of genuine or purported mixed-valence 
compounds display more convoluted NIR spectra, with band envelopes comprised of multiple, 
overlapping bands which can have distinct electronic origin. The identification of the ‘genuine’ 
IVCT transition within these band-envelopes, and thus application of band-shape analysis 
methods and interpretation from a Marcus-Hush model, is decidedly non-trivial.[2] For example, 
vibronic progressions can clearly be seen in the spectra of some purely organic systems,[3] whilst 
spectra of metal-based mixed-valence complexes can also feature overlapping IVCT and 
localised d–d transitions,[4] an effect which becomes increasingly important for heavy-metal 
complexes with large spin-orbit coupling constants.[5] Coupling of IVCT with MLCT and LMCT 
transitions also leads to profound changes in the appearance of the spectroscopic envelopes, 
especially for systems near the localised-delocalised boundary.[6] More recently, the distribution 
of molecular conformations and in turn distributions in metal(d)-bridge(π) overlaps and metal-
metal coupling has begun to be explored as a further factor in the appearance of NIR band-
shapes in organic and organometallic ‘mixed-valence’ systems,[7-16] and the concept is gaining 
increased attention.[9,17-22] In seeking to probe these conformational effects in mixed-valence 
compounds in more detail, we have turned attention to a family of complexes featuring the 
simple pseudo-1D bridge buta-1,3-diyndiyl.[23,24] 
 
Metal complexes of buta-1,3-diyndiyl ligands were first explored in detail during the 1970s as 
part of the seminal work from the Hagihara group on metal-containing polyyne polymers,[25] 
with further important synthetic work being reported by the Wong team in 1990,[26] augmented 
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by photoelectron spectroscopy and early computational studies of electronic structure.[27] 
Following Lapinte’s pioneering investigations of the more electron-rich compound 
[{Fe(dppe)Cp*}2(μ-C≡C–C≡C)] and investigations of the corresponding radical cation in the 
mid 1990s[28] many metal capped butadiynyl chains of the form [{MLn}2(μ-C≡C–C≡C)] were 
produced and the electronic properties of their radical cations [{MLn}2(μ-C≡C–C≡C)]+• 
investigated; prominent examples of such investigations arise from complexes of Fe,[28-31] 
Ru,[7,32-34] Os[35], Mo[36] and Re.[37,38] 
 
Quantum chemical modeling of [{Ru(PPh3)2Cp}2(μ-C≡C–C≡C)]+• ([1]+) has revealed that a 
range of rotational conformers are populated in solution. These conformers have different 
spectral properties, giving rise to a NIR band envelope comprising two transitions (π–π* and 
MLCT) which does not match the simple model for a highly delocalised system.[7] When the two 
metal-ligand spheres are linked together in order to restrict their relative rotational orientations, 
as in the complex [{RuCp}2(μ-C≡C–C≡C)(μ-Ph2P(CH2)5PPh2)2]+• ([4]+), only a single (π–π*) 
transition is present, both in the experimental spectrum and the computational model. The shape 
of the experimental NIR absorption band observed for this constrained complex [4]+ matches 
well with the predictions of the Marcus-Hush model.[7] In order to further demonstrate the 
influence of the steric and electronic nature of the half-sandwich ligand environment on the 
spectra of butadiynyl-bridged metal radical cations, the ruthenium butadiynyl radical cations 
[1]+–[3]+ (Chart 1), which vary in the steric and electronic character of their ligand spheres, have 
now been investigated using a range of spectroscopic and computational methods. Through this 
work, the application of a general method of computational characterisation of metal complexes 
M–bridge–M+• which includes the concept of rotational isomerism is described. 

 
Chart 1. Ruthenium butadiynyl radical cation complexes.  
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Results and Discussion 
The neutral complexes 1–3 were synthesised according to existing procedures[7,34,39] and their 
spectroscopic data was entirely in agreement with that given in the literature. The oxidised 
species [1]+–[3]+ were generated in an OTTLE cell[40] (as solutions in CH2Cl2 / 0.1 M 
nBu4NPF6), and their UV-Vis-NIR and IR spectra recorded in situ. The focus of this 
investigation rests on the monocations [1]+–[3]+ and the discussion will be confined to these 
species. A video file showing the spectroelectrochemical generation of [1]n+ (n = 0–1) during a 
potential sweep at 10 mVs–1 is given in the Supporting Information by way of illustration. 
However, as no harmonised contemporaneous UV-Vis-NIR and IR data set for [1]n+–[3]n+ (n = 
0–3) exists, the spectra of the higher oxidised species n = 2, 3 were also recorded (Figures S10 – 
S15). 
 
The IR spectra of the neutral complexes 1–3 contain evidence of a number of conformational 
isomers in solution. The solid-state (Nujol mull) spectra of crystalline samples of cis-1 and trans-
1 are distinct, giving rise to ν(C≡C) bands at 1970 cm–1 and 1990, 1976 cm–1, respectively.[41] In 
the case of the neutral species 1 – 3 a number of unresolved ν(C≡C) bands are apparent in the 
solution spectra, which give rise to shoulders on the main band and are consistent with the 
presence of multiple conformers (Figure 1). In contrast, the related rotationally restricted 
complex {RuCp}2(μ-C≡C–C≡C)(μ-Ph2P(CH2)5PPh2)2

[7] (4) displays a single, sharp and 
symmetric Lorentzian shaped ν(C≡C) band (Figure S16), and supports this interpretation. Whilst 
not as well-resolved, the ν(C≡C) bands of the monocations [1]+–[3]+ are also noticeably 
asymmetric, again in contrast with the symmetric band envelope of [4]+ (Figure S17).  
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Figure 1. A comparison of the alkyne IR signals of [1]–[3] (this work) and the related 
rotationally constrained compound [4][7] recorded in dichloromethane. The gray lines show the 
peak centres and full-width half-heights of the features. Note the differences in symmetry of the 
peaks. 
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Table 1. Apparent ν(C≡C) band maxima for [1]n+–[3]n+ recorded spectroelectrochemically in 
dichloromethane / 0.1 M nBu4NPF6 
Compound IR CH2Cl2 / 

nBu4NPF6 (cm–1) 

1 1969 

1+ 1855 

12+ 1766 

13+ 1626 

2 1971 

2+ 1859 

22+ 1772 

23+ 1633 

3 1977(sh) 

 1961 

3+ 1859 

32+ 1770 

33+ 1628 
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Figure 2. NIR spectra of [1]+–[3]+ (top to bottom) recorded spectroelectrochemically in 
dichloromethane / 0.1 M nBu4NPF6.  
 
Multiple bands are also apparent in the NIR spectra of [1]+–[3]+ (Figure 2), and modifying the 
ancillary ligand sphere at ruthenium from Ru(PPh3)2Cp ([1]+) to Ru(dppe)Cp ([2]+) to 
Ru(dppe)Cp* ([3]+) has a dramatic result on the appearance of the band envelope. In the least 
sterically demanding, least electron-rich case ([1]+) the major feature is due to a π–π* transition 
between the β–HOMO–1 and the β–SOMO, both of which are delocalised over the Ru-C4-Ru 
chain. This major feature occurs in all rotational orientations of the metal ligand spheres and is 
close to the idealised ‘IVCT’ (or charge resonance) band expected of a Class III mixed-valence 
complex.[33] The minor shoulder arises from an MLCT transition between the β–HOMO–3, 
which has more metal content, and the β–SOMO. The transition responsible for this feature only 
gains appreciable intensity when the half-sandwich metal fragments are oriented such that the 
cyclopentadiene ligands are approximately perpendicular to one another (Ω P–Ru–Ru–P = 
112°,[7] see Figure 3 for the definition of Ω). As the steric bulk and electron density of the 
ruthenium ligand sphere is increased the entire band envelope is red-shifted by 700–800 cm–1 
and the high energy shoulder gains intensity relative to the major peak. This effect is most 
apparent in the case of [3]+ (Figure 2). This suggests that the steric and electronic changes to the 
half-sandwich ligand spheres are biasing the relative conformations of the half-sandwich 
fragments towards more approximately perpendicular orientations. 

 
Figure 3. The rotational angle Ω is defined as the torsion angle of P–Ru–Ru–P along the C≡C–
C≡C bridge, and illustrated in this Newman projection[42] as P1–Ru–Ru’–P1’ (or P2–Ru–Ru’–
P2’). 
 
In order to test this hypothesis, a computational procedure initially used to investigate the 
electronic and spectral properties of [1]+ has been extended to [2]+ and [3]+. Thus, a relaxed scan 
in which partial structure optimisations were carried out with a fixed P–Ru–Ru–P dihedral angle 
in 10° steps (0 ≤ Ω ≤ 180°) was performed. In contrast to our previous studies on similar 
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systems,[7,8] in this investigation dispersion interaction effects were taken into account using 
Grimme’s DFT-D3 protocol.[43] This resulted in the identification of a total of six local minima 
for each of [2]+ and [3]+ (c.f. Figure S2–S3). These minima obtained in the relaxed scans were 
confirmed in each case by full optimisations giving structures with dihedral angles Ω = 33°, 51°, 
98°, 127°, 150° and 174° for [2]+, and Ω = 36°, 51°, 69°, 106°, 132° and 153° for [3]+. Since the 
previous study on [1]+ was carried out without a model for dispersion interactions, and to 
maintain consistency of the dataset, the structures of the three local minima of [1]+ were re-
optimised without constraints under the same computational conditions used for [2]+ and [3]+. 
This resulted in slight changes to the values of Ω in the optimised structures, but no change in the 
overall trend, or in the conclusions from those drawn previously. No further rotational 
conformers of [1]+ were detected computationally. Dispersion interaction between the two ligand 
spheres is thus of little importance in the Ru(PPh3)2Cp capped buta-1,3-diyndiyl complex [1]+. 
Table 2 shows the data obtained following full, unconstrained optimisations of the local minima 
identified in the relaxed scan.  
 
Table 2 Optimised structures with their P–Ru–Ru–P torsional angles (Ω) and conformational 
energies (kJ/mol) relative to the lowest energy conformer for [1]+–[3]+.  

[1]+ a [1]+ b [2]+ b [3]+ b 

Ω(°) ΔE Ω(°) ΔE Ω(°) ΔE Ω(°) ΔE 

27 1.6 35 0.7 33 0.0 36 2.1 

    51 2.6 51 0.0 

      69 4.6 

112 7.5 113 6.3 98 21.0 105 20.2 

    127 24.7 132 16.4 

    150 22.6 153 13.8 

180 0.0 174 0.0 174 23.3   
aBLYP35/def2-SVP/COSMO, data from ref [7]. bBLYP35-D3/def2-SVP/COSMO. 
 
The value of Ω for the lowest- and highest-energy local minimum structures of each complex 
varies significantly across the series [1]+–[3]+. Comparison of the conformational minima of the 
three cations indicates that only in the case of [1]+ is a trans-like minimum energetically 
competitive with a cis-like structure, and for [1]+ the entire relaxed scan fits into an energy 
window below 13 kJ/mol (Figure S1). Alternative arrangements with Ω above 90° become less 
competitive for [2]+ and [3]+, and the overall conformational energy profile becomes somewhat 
steeper (up to 25-30 kJ/mol) when viewed relative to the lowest-lying minima at smaller Ω  
(Table 2, Figures S2, S3). For [3]+ a minimum with Ω very close to 180° is absent. The number 
of low-lying minima with Ω below 70° increases from one for [1]+ to two for [2]+ and three for 
[3]+. These changes in the conformational profile are not only related to the steric bulk of the 
ancillary cyclopentadienyl and phosphine ligands at the metal centres, but are also influenced by 
dispersion interactions. Figures S2, S3 summarise the energy values for the different dihedral 
angles obtained after subtraction of the DFT-D3 dispersion corrections. It is clear that dispersion 
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destabilises structures where Ω is large versus those where Ω is low, or rather stabilises the 
lower-Ω structures. 
 
Closer inspection reveals that the conformers where Ω = 33, 98° ([2]+) and Ω = 36, 105° ([3]+) 
exhibit a T-shaped quadrupolar CH⋯π interaction (distance 2.80 Å) between the aromatic rings 
of dppe ligands on the two half-sandwich moieties (Figure 4). Similar interactions are 
recognisable in the herringbone packing pattern of crystalline benzene (centre of mass separation 
4.95–5.00 Å),[44,45] and this is known as the most stable conformation of the benzene dimer (due 
to dispersion and quadrupole/quadrupole interactions).[46] At the level of theory used in this study 
(BLYP35-D3/def2-SVP, gas phase), the T-shaped benzene dimer has a centre of mass separation 
of 4.96 Å which is comparable to the distances observed in the optimised structures of [2]+ and 
[3]+ (4.73–4.95 Å). Similarly the conformers where Ω = 51° ([2]+) and Ω = 51, 69° ([3]+) appear 
to exhibit stabilising interactions between the ethyl moiety in one 1,2-
bis(diphenylphosphino)ethane and the phenyl moieties of the other, with centre of mass 
separations of 3.93–4.13 Å falling in between those observed for benzene-ethane co-crystals 
(centre of mass separation 4.71 Å)[45] and those calculated for a benzene-ethane heterodimer 
(BLYP35-D3/def2-SVP, gas phase, centre of mass separation 3.77 Å). The extent of stabilisation 
due to dispersion interactions is demonstrated by subtraction of the dispersion contribution from 
the total energy of the system in the relaxed scans (Figures S1–S3). 
 

 
Figure 4. An example of T-shaped quadrupolar CH⋯π stacking between the phenyl rings of the 
two 1,2-bis(diphenylphosphino)ethane moieties in the optimised structure of [2]+ (Ω = 98°). 
 
The formation of these close intramolecular interactions between the ligand spheres of the half-
sandwich moieties explains the trends in relative energy, stabilising certain rotamers of [2]+ and 
[3]+ and leading to the population of a greater number of structures which deviate significantly 
from an ideal cis (Ω = 0°) or trans (Ω = 180°) geometry. In addition, these interactions between 
the separate half-sandwich ruthenium ligand spheres result in slight deformations of the C≡C–
C≡C bridge from linearity, which is most prevalent in the conformers of [3]+. Along with the 
concept of conformational isomerism, this finding of a bent polycarbon chain is consistent with 
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the wealth of experimental crystal structural data available for various members of the series 
[1]+–[3]n+ (n = 0, 1)[34,39,41,47-51] where the flexibility of the C≡C–C≡C bridging ligand is clearly 
demonstrated. Notably no trans-like structure of [3]+ was observed computationally (Ω ~ 180°) 
the closest structure to this case exhibiting an angle of Ω = 153°, presumably due to the steric 
crowding introduced by the pentamethylcyclopentadienyl ring. Indeed the range of available Ω 
values observed in silico is narrowest when both the 1,2-bis(diphenylphosphino)ethane and 
pentamethylcyclopentadienyl ligands are introduced to the structure (for [3]+ 36° ≤ Ω ≤ 153°).  
 
In addition to the steric and intramolecular CH⋯π interactions, inherent electronic factors may 
also play a role in stabilising these various conformers. Recently, Hendon et al. have reported 
that extended helical frontier orbitals are formed in case of certain conjugated organic oligoynes, 
describing them as the linear analogues of Möbius-aromatic systems. This helicity is thought to 
influence the relative orientation of the end groups.[52] The concept is consistent with earlier 
discussions of the frontier molecular orbitals of [1]+, and current results where helical orbitals are 
found in the HOMO-1 and HOMO-3 of several of the computed local minima discussed herein. 
These helical orbitals are especially apparent in structures with torsional angles of Ω ~ 90° (cf. 
Figure 5 and Figures S4–S8) and may be an additional contributing factor to the relative stability 
of these ‘perpendicular’ conformers inferred from the IR and NIR spectroscopy.  
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Figure 5. Isosurface molecular orbital plots (±0.02 a.u.) of [2]+ (Ω = 98°). 
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All structures obtained in this study can be classified as electronically delocalised species, as the 
spin-density of all minima is distributed over both metal centres and the conjugated four-carbon 
bridge (Figure 6, Figure S9). Only the structures of [2]+ and [3]+ with Ω ~ 100° (Ω = 98° ([2]+), 
105° ([3]+)) exhibit a slight symmetry breaking with a difference in Ru–C bond lengths of up to 
1 pm. This is supported by the change in the spin-density distributions, which are also somewhat 
asymmetric, in contrast to the results for the corresponding structure found for [1]+ (Ω = 113°). 
In the case of [2]+ the spin-density of the Ω ~ 100° conformer is 50 % higher (or 30 % for the 
corresponding structure of [3]+) on one redox centre when compared to the other (Tables S7–S9). 
That is, replacement of the triphenylphosphine by 1,2-bis(diphenylphosphino)ethane ligands in 
[2]+ and [3]+ leads to a slight degree of Class II behaviour in a small range of conformers, but the 
overall description is still dominated by the majority Class III character. This result sits alongside 
a recent study of rotamers of the closely related complex [{Ru-(dppe)Cp*}2(µ-C≡CC6H4C≡C)]+, 
where the presence of a para-benzene unit was found to cause more pronounced symmetry 
breaking (localisation) for certain conformers.[8] 
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Figure 6. Spin-density isosurface plots (±0.001 a.u.) of [1]+–[3]+ where Ω ~ 100°. 
 
The spectroscopic and structural features discussed thus far support the description of [1]+–[3]+ 
as delocalised (Robin-Day Class III) complexes where the increase in steric and electronic bulk 
across the series restrict the available rotational phase space. To further test the model, and to 
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reinforce the links between experimental and computational systems, linear-response time-
dependent DFT calculations of optical excitations on the local minimum structures of [1]+–[3]+ 
were performed (Table 3). 
 
A very low-energy, low-intensity electronic excitation is identified in the TDDFT calculations 
for all of the complexes studied (E1, Table 3). Re-examination of the IR spectroelectrochemical 
data revealed broad, weak bands for [2]+ and [3]+ (2586 ([2]+

, Figure S18) and 2229 cm–1 ([3]+)) 
but a similar feature is not visible in case of [1]+, presumably because of its very low predicted 
energy and intensity (µ1); the most intense calculated transition falling well within the fingerprint 
region of the infrared spectrum. These low-energy excitations E1 are primarily due to the 
HOMO→SOMO transition. These two frontier orbitals are delocalised across both metal centres 
and the bridge but represent essentially orthogonal π-faces of the butadiyne bridge (with nodes in 
the central C-C and the two C-M bonds).  
 
Three excitations (E2, E3, E4) with conformation-dependent intensities are calculated within the 
NIR region for each conformer of [1]+–[3]+ investigated. E2 is dominated by a HOMO-
1→SOMO excitation for all complexes and conformers. The HOMO-1 orbital is C≡C anti-
bonding as well as C-C and C-Ru bonding and exhibits significant helicity in all conformers with 
33° < Ω < 150° (Figures 5, S4-S8). This helicity decreases the spatial overlap between the 
SOMO and HOMO-1, leading to slightly lower intensities of the E2 transition for such 
“perpendicular” conformers (Table 3). E3 and E4 are, respectively, dominated by HOMO-
2→SOMO and HOMO-3→SOMO excitations in most cases (except for the Ω = 98° conformer 
of [2]+, where we find more pronounced mixing between excitations out of HOMO-2, HOMO-3, 
and HOMO-4). As the HOMO-2 and HOMO-3 have appreciable metal character and somewhat 
reduced bridge character, these excitations may be approximately described as MLCT bands. In 
“perpendicular” conformers, HOMO-2 and HOMO-3 are clearly helical, and they gain somewhat 
more delocalisation onto the bridge and thus more overlap with the SOMO. Therefore the MLCT 
bands (E3, E4, Table 3) gain significant intensity for perpendicular conformations, reaching their 
maximum intensity for Ω = 98° ([2]+), Ω = 105° ([3]+), in contrast to E2. For [3]+ the local 
minimum structure with Ω = 69° is almost isoenergetic with the global minimum structure 
(Table 3). This conformer exhibits already higher-energy E3 and E4 transitions with appreciable 
intensity (µ3 = 1.35 D, µ4 = 3.45 D), consistent with the enhanced intensity of the higher-energy 
feature in the experimental NIR band envelope. As noted above, the stabilisation of the Ω = 69° 
conformer arises from interactions between the half sandwich ligand environments, and this 
conformer of [3]+ is calculated to have the greatest stabilisation by dispersion interactions of all 
the local minima discussed for [1]+–[3]+ (Figure S3).  
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Table 3. Electronic excitation energies with corresponding transition dipole moments of 
different conformers of [1]+–[3]+ . 
  Ω(°) E1(cm-1) µ1(D) E2(cm-1) µ2(D) E3(cm-1) µ3(D) E4(cm-1) µ4(D) 

[1]+ 35 1893 1.0 12354 8.6 13898 0.4 14480 1.3 

113 1205 1.6 12236 7.9 13827 0.5 14630 3.1 

174 2206 0.1 12341 8.5 14161 0.3 14507 0.3 

Exp  –  11810    14070  

          

[2]+ 33 3069 1.6 12004 8.9 15573 0.2 16844 0.6 

51 2800 2.0 12109 8.5 15665 0.6 16751 1.3 

98 1123 2.6 12539 8.1 14770 1.4 16294 1.9 

127 2545 2.0 12418 8.5 15817 0.6 16801 1.3 

150 3093 1.3 12553 8.9 16117 0.3 17026 0.4 
174 3703 0.3 12306 9.4 16502 0.4 17181 0.0 

Exp  2586  11140  13190    
          
[3]+ 36 2885 1.5 11570 9.1 13709 1.0 15193 1.6 

51 2290 2.1 11632 8.7 13526 0.5 14975 2.1 
69 1475 2.3 11457 7.8 13263 1.4 15173 3.5 
105 1107 2.4 11496 7.6 13206 1.9 15170 3.8 
132 2454 1.9 11799 8.7 13736 1.0 15198 2.4 
153 3091 1.0 11674 9.1 13978 0.4 15102 1.2 

Exp   2229   10340   12420       

    HOMO→SOMO 
(>97%) 

HOMO-1→SOMO 
(>85%) 

HOMO-2→SOMO 
(>74%) a 

HOMO-3→SOMO 
(>75%) b 

      MLCT MLCT 
a Except [2]+-98°: HOMO-2→SOMO (42%), HOMO-3→SOMO (44%). b Except [2]+-98°: 
HOMO-3→SOMO (34%), HOMO-4→SOMO (35%). 
 
Finally, to explain the appearance of the ν(C≡C) bands in the IR spectra, harmonic vibrational 
frequency calculations were carried out for all three cations [1]+–[3]+, for all conformers 
described above. Only one IR active ν(C≡C) mode of any significant oscillator strength was 
calculated for each conformer (Table 4). The calculated frequencies are red-shifted by 
approximately 30 cm–1 relative to experiment. These modes ν1 fall over relatively narrow energy 
ranges ([1]+: 10 cm–1, [2]+: 12 cm–1, [3]+: 6 cm–1), and slightly red-shifted for the perpendicular 
conformers. The computational analysis suggests that the perpendicular conformers are more 
populated for the more sterically encumbered complexes [2]+ and [3]+, consistent with the 
broadening of the ν(C≡C) band envelope and appearance of the shoulders in the IR spectra of 
[2]+ and [3]+ (Figures 1, S16, and S17). 
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Table 4 Computed harmonic vibrational frequencies of the alkynyl stretching modes of [1]+, [2]+ 
and [3]+ (BLYP35-D3/def2-SVP) scaled by an empirical factor of 0.937.[53] 
 
 Ω(°) ν1(C≡C) (cm–1) ν2(C≡C) (cm–1) 
   [intensity vs. ν1] 

[1]+ 33 1858  
 113 1859  
 174 1868  

Exp  1855  
    

[2]+ 33 1857  
51 1855  

 98 1850 2032 [18%] 
 127 1856  
 150 1862  
 174 1859  

Exp  1859  
    

[3]+ 36 1861  
 51 1859 2038 [5%] 
 69 1855  
 105 1857 2047 [9%] 
 132 1861  
 153 1861  

Exp  1859  
 
A second C≡C stretching frequency ν2 was found for certain conformers of compounds [2]+ and 
[3]+. These are calculated to be particularly weak and as such would be difficult to detect in the 
experimental spectrum. Close inspection of the experimental data does reveal some very weak 
peaks in the 2000 cm–1 region. However, this region is overlain by the broad electronic bands E1, 
making firm identification of these features impossible. This second symmetric vibrational mode 
(ν2) is probably due to the slight symmetry break in the relevant conformers of [2]+ and [3]+ 
(vide supra). 
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Conclusions 
In summary, introduction of 1,2-bis(diphenylphosphino)ethane and pentamethylcyclopentadienyl 
ligands across the series of [1]+ to [2]+ to [3]+ leads to greater steric and electronic entanglement 
between the separate half-sandwich ligand spheres. This gives rise to the potential for an increase 
in the barrier to rotation about the C≡C–C≡C axis, a greater number of local minima where Ω 
deviates significantly from a cis (0°) or trans (180°) orientation, stabilised by interactions 
between the ligand spheres, and in the case of [3]+ a reduction in the favorable range for Ω (36° ≤ 
Ω ≤ 153°) compared with the results obtained for [1]+ and [2]+. The higher-energy transitions 
(E3, E4) gain intensity as Ω becomes closer 90°. Therefore, they are expected to become more 
prominent in the experimental spectrum when a perpendicular orientation of the 
cyclopentadienyl ligands is favoured. The fact that this situation becomes increasingly more 
favourable when moving from [1]+ to [2]+ to [3]+ corresponds well with the increasing relative 
intensities of the higher-energy features observed in the experimental NIR spectra (Figure 2). 
These auxiliary ligand sphere-induced changes to the conformational landscape also affect the IR 
spectra of [1]+–[3]n+ (n = 0, 1), with the multiple conformers giving rise to broadened ν(C≡C) 
band envelopes and the appearance of shoulders. 
 
These investigations conclusively demonstrate that conformational factors can play a significant 
role in the appearance of spectra in mixed-valence compounds, and account for the increasing 
complexity of the spectral band envelopes of these complexes when moving across the series 
[1]+ to [2]+ to [3]+. The study highlights the importance of considering more than a single 
minimum structure when analysing the electronic and spectral properties of such complexes, and 
the care that must be taken when applying Marcus-Hush style analytical treatments to potentially 
convoluted experimental band envelopes. In the cases described here, the presence of multiple 
conformers can be detected from the appearance of both IR and NIR spectral envelopes, and the 
molecular and electronic structures of the most significant conformers described through 
quantum-chemical methods using a suitably balanced global hybrid functional (here BLYP35) 
and modestly sized basis set (here def2-SVP). The inclusion of dispersion effects adds to the 
accuracy of the computationally derived description of conformers. Therefore, with even modest 
computational resources, the study of mixed-valence compounds in a manner that accounts for a 
distribution of conformers within a sample is achievable. In cases where spectroscopic evidence 
points to the presence of multiple conformers, it is possible to move beyond the limits of 
analyses derived from exclusive consideration of the global minimum. By combining 
spectroscopic observation and quantum-chemical methods, a more complete description of 
mixed-valence compounds, and indeed of intramolecular charge-transfer processes in general, is 
possible. This may in turn provide design guidelines for the construction of complexes with 
specific spectroscopic and electron-transfer properties. 
 
Experimental Details. The complexes 1,[7] 2[39] and 3[34] were synthesised according to existing 
literature procedures. Spectroelectrochemistry was conducted in an OTTLE cell[40] using 
solutions in dichloromethane containing 0.1 M nBu4NPF6 as the supporting electrolyte. Spectra 
were recorded on an Agilent Technologies Cary 660 FTIR or an Avantes diode array UV-Vis-
NIR system comprising two light sources (UV-Vis: AvaLight-DH-S-Bal, Vis-NIR: AvaLight-
Hal-S) and two spectrometers (UV-Vis: AvaSpec-ULS204-8L-USB2, NIR: AvaSpec-NIR256-
2.5TEC) connected to a custom-built sample holder by bifurcated fibre optic cables. The Vis-
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NIR light source was attenuated with a band-pass filter transparent between ~900–4700 nm. 
Electrolysis in the cell was performed using a PalmSens Emstat2 or Emstat3+ potentiostat at a 
scan rate of 10 mVs–1.  
 
Computational Details 
All structures and properties were computed using a version of the TURBOMOLE 6.4 (TBM 
6.4) code[54] locally modified by the Berlin group. All DFT calculations used the global hybrid 
functional BLYP35[55] and the COSMO continuum solvent model for dichloromethane (DCM, 
ε = 8.93).[56] The BLYP35 functional (BLYP-based hybrid functional[57,58] with 35% Hartree-
Fock exchange) has been established to perform well for mixed-valence (MV) systems near the 
class II/III borderline in the Robin-Day scheme.[7,8,16,55,59] 
 
Semi-empirical dispersion correction terms within Grimme’s DFT-D3 approach[43] were added, 
as implemented in TBM 6.4.[60] DFT-D3 parameters for the BLYP35 functional have been 
optimised to rs6 = 1.1225 and s8 = 0.9258.[61] Split-valence basis sets (def2-SVP) were used with 
grid size m3 (grid 1 for the SCF and grid 3 for the final energy evaluation).[62] The results were 
compared with calculations using triple-zeta (def2-TZVP) basis sets (Table S1). The calculations 
using the larger basis set changed the results only marginally (bond lengths: ±10-3 Å, TDDFT 
energies: around ±2 % with a maximum of ±6 %), not justifying the higher computational costs 
of the larger basis set. For conformers of [2]+, structure optimisations were performed using a 
tighter grid (m5) in order to validate the quality of the results using m3 (Table S2). Again, the 
small changes (bond lengths: ±10-4 Å, ΔΩ < 0.8°) support use of the smaller grid. 
 
Molecular-orbital and spin-density isosurface plots were obtained with the MOLEKEL 
program.[63] TDDFT calculations of Vis-NIR excitation energies used the same functional, basis 
sets, and solvent model (with non-equilibrium solvation)[64] as the ground-state calculations, and 
the TDDFT implementation of TURBOMOLE.[65] Vibrational frequency calculations were 
carried out by numerical differentiation of analytical gradients using TURBOMOLE’s 
NumForce script (SCF convergence 10-8 Eh). The resulting harmonic vibrational frequencies 
were scaled by an empirical factor of 0.937.[53] 
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Chart and Figure Legends 
 
Chart 1. Ruthenium butadiynyl radical cation complexes. 
 
Figure 1. A comparison of the alkyne IR signals of [1]–[3] (this work) and the related 
rotationally constrained compound [4][7] recorded in dichloromethane. The gray lines show the 
peak centres and full-width half-heights of the features. Note the differences in symmetry of the 
peaks. 
 
Figure 2. NIR spectra of [1]+–[3]+ (top to bottom) recorded spectroelectrochemically in 
dichloromethane / 0.1 M nBu4NPF6.  
 
Figure 3. The rotational angle Ω is defined as the torsion angle of P–Ru–Ru–P along the C≡C–
C≡C bridge, and illustrated in this Newman projection[42] as P1–Ru–Ru’–P1’ (or P2–Ru–Ru’–
P2’). 
 
Figure 4. An example of T-shaped quadrupolar CH⋯π stacking between the phenyl rings of the 
two 1,2-bis(diphenylphosphino)ethane moieties in the optimised structure of [2]+ (Ω = 98°). 
 
Figure 5. Isosurface molecular orbital plots (±0.02 a.u.) of [2]+ (Ω = 98°). 
 
Figure 6. Spin-density isosurface plots (±0.001 a.u.) of [1]+–[3]+ where Ω ~ 100°. 
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Tables 
 
Table 1. Apparent ν(C≡C) band maxima for [1]n+–[3]n+ recorded spectroelectrochemically in 
dichloromethane / 0.1 M nBu4NPF6 
Compound IR CH2Cl2 / 

nBu4NPF6 (cm–1) 

1 1969 

1+ 1855 

12+ 1766 

13+ 1626 

2 1971 

2+ 1859 

22+ 1772 

23+ 1633 

3 1977(sh) 

 1961 

3+ 1859 

32+ 1770 

33+ 1628 

 
 
Table 2 Optimised structures with their P–Ru–Ru–P torsional angles (Ω) and conformational 
energies (kJ/mol) relative to the lowest energy conformer for [1]+–[3]+.  

[1]+ a [1]+ b [2]+ b [3]+ b 

Ω(°) ΔE Ω(°) ΔE Ω(°) ΔE Ω(°) ΔE 

27 1.6 35 0.7 33 0.0 36 2.1 

    51 2.6 51 0.0 

      69 4.6 

112 7.5 113 6.3 98 21.0 105 20.2 

    127 24.7 132 16.4 

    150 22.6 153 13.8 

180 0.0 174 0.0 174 23.3   
aBLYP35/def2-SVP/COSMO, data from ref [7]. bBLYP35-D3/def2-SVP/COSMO. 
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Table 3. Electronic excitation energies with corresponding transition dipole moments of 
different conformers of [1]+–[3]+ . 
  Ω(°) E1(cm-1) µ1(D) E2(cm-1) µ2(D) E3(cm-1) µ3(D) E4(cm-1) µ4(D) 

[1]+ 35 1893 1.0 12354 8.6 13898 0.4 14480 1.3 

113 1205 1.6 12236 7.9 13827 0.5 14630 3.1 

174 2206 0.1 12341 8.5 14161 0.3 14507 0.3 

Exp  –  11810    14070  

          

[2]+ 33 3069 1.6 12004 8.9 15573 0.2 16844 0.6 

51 2800 2.0 12109 8.5 15665 0.6 16751 1.3 

98 1123 2.6 12539 8.1 14770 1.4 16294 1.9 

127 2545 2.0 12418 8.5 15817 0.6 16801 1.3 

150 3093 1.3 12553 8.9 16117 0.3 17026 0.4 
174 3703 0.3 12306 9.4 16502 0.4 17181 0.0 

Exp  2586  11140  13190    
          
[3]+ 36 2885 1.5 11570 9.1 13709 1.0 15193 1.6 

51 2290 2.1 11632 8.7 13526 0.5 14975 2.1 
69 1475 2.3 11457 7.8 13263 1.4 15173 3.5 
105 1107 2.4 11496 7.6 13206 1.9 15170 3.8 
132 2454 1.9 11799 8.7 13736 1.0 15198 2.4 
153 3091 1.0 11674 9.1 13978 0.4 15102 1.2 

Exp   2229   10340   12420       

    HOMO→SOMO 
(>97%) 

HOMO-1→SOMO 
(>85%) 

HOMO-2→SOMO 
(>74%) a 

HOMO-3→SOMO 
(>75%) b 

      MLCT MLCT 
a Except [2]+-98°: HOMO-2→SOMO (42%), HOMO-3→SOMO (44%). b Except [2]+-98°: 
HOMO-3→SOMO (34%), HOMO-4→SOMO (35%). 
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Table 4 Computed harmonic vibrational frequencies of the alkynyl stretching modes of [1]+, [2]+ 
and [3]+ (BLYP35-D3/def2-SVP) scaled by an empirical factor of 0.937.[53] 
 
 Ω(°) ν1(C≡C) (cm–1) ν2(C≡C) (cm–1) 
   [intensity vs. ν1] 

[1]+ 33 1858  
 113 1859  
 174 1868  

Exp  1855  
    

[2]+ 33 1857  
51 1855  

 98 1850 2032 [18%] 
 127 1856  
 150 1862  
 174 1859  

Exp  1859  
    

[3]+ 36 1861  
 51 1859 2038 [5%] 
 69 1855  
 105 1857 2047 [9%] 
 132 1861  
 153 1861  

Exp  1859  
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For TOC use only 
 
Putting the Brakes on Rotation. The radical cations [{Ru(pp)Cp’}2(μ-C≡CC≡C))]+ (Cp’ = Cp, 
Cp*; pp = (PPh3)2, dppe) display convoluted NIR band envelopes. These consist primarily of an 
MLCT and a π-π* transition the intensities of which vary with the rotational orientation of the 
end caps. A combination of non-covalent intramolecular interactions and increased steric bulk of 
the metal-ligand spheres biases more perpendicular conformations increasing the prominence of 
the MLCT transition. 
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