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Abstract: The syntheses of oligo(p-phenylenevinylene)s (OPVs) 
end-functionalized with a ligated ruthenium alkynyl unit as a donor 
and a nitro as acceptor, namely  trans-[Ru{C≡C-1-C6H4-4-(E)-
CH=CH-1-C6H2-2,5-Et2-4-(E)-CH=CH-1-C6H2-2,5-Et2-4-(E)-CH=CH-
1-C6H4-4-NO2}Cl(dppe)2] (Ru4), trans-[Ru{C≡C-1-C6H4-4-(E)-
CH=CH-1-C6H2-2,5-Et2-4-(E)-CH=CH-1-C6H2-2,5-Et2-4-(E)-CH=CH-
1-C6H2-2,5-(n-hexyl)2-4-(E)-CH=CH-1-C6H2-2,5-(n-hexyl)2-4-(E)-
CH=CH-1-C6H4-4-NO2}Cl(dppe)2] (Ru6), and trans-[Ru{C≡C-1-C6H4-
4-(E)-CH=CH-1-C6H2-2,5-Et2-4-(E)-CH=CH-1-C6H2-2,5-Et2-4-(E)-
CH=CH-1-C6H2-2,5-(n-hexyl)2-4-(E)-CH=CH-1-C6H2-2,5-(n-hexyl)2-4-
(E)-CH=CH-1-C6H2-2,5-(2-ethyl-n-hexyl)2-4-(E)-CH=CH-1-C6H2-2,5-
(2-ethyl-n-hexyl)2-4-(E)-CH=CH-1-C6H4-4-NO2}Cl(dppe)2] (Ru8), are 
reported, together with those of precursor alkynes. Their 
electrochemical properties were assessed by cyclic voltammetry 
(CV), their linear optical and quadratic nonlinear optical (NLO) 
properties assayed by UV-Vis-NIR spectroscopy and hyper-Rayleigh 
scattering studies at 1064 nm, respectively, and their linear optical 
properties in the formally RuIII state examined by UV-Vis-NIR 
spectroelectrochemistry. These data were compared to those of 
homologues with shorter OPV π-bridges: trans-[Ru(C≡C-1-C6H4-4-
NO2)Cl(dppe)2] (Ru1), trans-[Ru{C≡C-1-C6H4-4-(E)-CH=CH-1-C6H4-
4-NO2}Cl(dppe)2] (Ru2), and  trans-[Ru{C≡C-1-C6H4-4-(E)-CH=CH-
1-C6H4-4-(E)-CH=CH-1-C6H4-4-NO2}Cl(dppe)2] (Ru3). The RuII/III 
oxidation potentials decrease on proceeding from Ru1 to Ru4 and 
then increase very slightly from Ru4 to Ru8. The wavelength of the 
UV-Vis λmax band decreases on proceeding from Ru1 to Ru4, but is 
then essentially invariant on proceeding from Ru4 to Ru8. The 
quadratic nonlinearity β1064 increases on OPV lengthening from Ru1 
through Ru2, reaching a maximum at Ru3, and then decreasing on 

further OPV lengthening through Ru4-Ru8. The formally RuIII 
complexes exhibit low-energy bands at ca. 9000 cm-1 that red-shift 
slightly on proceeding from Ru4 to Ru8. The effective saturation of 
the UV-Vis-NIR spectroscopy, HRS, and CV data is consistent with 
the OPV bridge in Ru3/Ru4 affording the most efficient optical 
materials. Computational studies employing time-dependent density 
functional theory were undertaken on model complexes to rationalize 
the optical observations. The computational results are consistent 
with the OPV moiety acting as a bridge connecting electron donor 
(ligated Ru) and acceptor (NO2) groups for the smaller complexes, 
with the corresponding low-energy intense transition being MLCT in 
nature. For the longer complexes, the connection between the 
termini is attenuated and the most intense transition is predominantly 
π → π* in character. 

Introduction 

Poly(p-phenylenevinylene) (PPV) has been of interest for 
applications in light-emitting diodes (LEDs). It also possesses 
other technologically useful properties such as third-order optical 
nonlinearity and high conductivity upon doping. Mono-disperse 
oligo(p-phenylenevinylene)s (OPVs) have consequently 
attracted significant attention for their well-defined optical 
properties and thereby their potential to model aspects of PPV 
behavior.[1] Functionalization of OPVs by ligated metal units has 
been little explored until now, despite the potential materials 
properties advantages that this may endow (enhanced solubility, 
reversible redox behavior, optical properties, etc.). 

The nonlinear optical (NLO) properties of molecular 
materials have come under considerable scrutiny. While organic 
molecules and polymers have been shown to possess 
significant optical nonlinearities, ultrafast responses, and ease of 
processing as films,[2] attention has also focused on 
organometallic complexes, which possess similar advantages as 
organic compounds, but with additional design flexibility (the 
metal, co-ligands, coordination geometry, and oxidation state 
can all be varied in certain cases, all leading to modification in 
NLO properties).[3] The most intensively studied organometallics 
thus far have been metallocenyl and alkynyl complexes, the 
latter in particular affording record values of the key NLO 
coefficients.[4] 
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Despite the strong interest in functionalized OPVs and in the 
NLO properties of metal alkynyl complexes, there have thus far 
only been limited studies of the NLO properties of stilbenes end-
functionalized by (a) metal alkynyl unit(s),[5] and only one study 
of a similarly functionalized OPV (containing a 
di(phenylenevinylene) unit,[6] the shortest OPV, although 
octupolar and dendritic phenylenevinylene-containing complexes 
have been reported).[7] We report herein the syntheses of end-
functionalized OPV alkynyl complexes incorporating tri-, penta-, 
and hepta(phenylenevinylene) groups, together with studies 
exploring their electrochemical and linear and quadratic 
nonlinear optical properties, comparisons to previously reported 
shorter homologues, and theoretical studies rationalizing the 
experimental observations. 

Results and Discussion 

Synthesis and characterization.  OPVs end-functionalized by 
metal alkynyl and nitro substituents possess the donor-π-bridge-
acceptor composition that can afford efficient quadratic NLO-
active materials;[3] consequently, complexes with this 
composition were selected as targets in the present studies. The 
assembly of such end-functionalized OPVs necessitated the 
construction of organic OPVs end-functionalized by terminal 
alkyne and nitro groups, followed by reaction with the 
appropriate metal reagent. The trans-[RuCl(dppe)2] unit was 
chosen as the ligated metal end-group due to its strong donor 
strength and because it is a key component of alkynyl 
complexes with reversible redox behavior, intense optical 
transitions, and significant NLO properties.[5l] Alkynyl complexes 
featuring this ligated metal combination are readily available 
from reaction of the five-coordinate cation [RuCl(dppe)2]+ with 
the terminal alkyne in the presence of a large non-coordinating 
counter-ion, followed by treatment with base.[8]  

In contrast to the facile metal alkynyl complex formation, the 
required alkynes necessitated considerably more synthetic 

expense. For example, 1,4-dibromo-2,5-diethylbenzene was 
mono-lithiated and then reacted with DMF to form the 
benzaldehyde 1, which was treated with CuCN to afford the 4-
cyano-functionalized 2. Reduction of 2 with borohydride gave 3, 
which underwent an Appel reaction with CBr4/PPh3 to afford the 
bromomethyl-functionalized 4. Reaction of 4 with P(OEt)3 gave 
the key 4-cyanobenzylphosphonate ester building block 5. 

 

 

Scheme 1. Syntheses of compounds 1-13. 

 

Scheme 2. Syntheses of compounds 14-25. 
Conditions: a) THF, t-BuOK, LiCl; b) DIBAL-H, toluene 
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 Initial studies revealed that the OPVs are significantly less 
soluble than similar-length oligo(phenyleneethynylene)s (OPEs), 
presumably a result of the facile rotation of the PE units in the 
latter, so the targeted higher OPVs in the present study 
necessitated the incorporation of solubilizing groups despite the 
potential reduction in OPV coplanarity.[1] The hexyl- and 2-
ethylhexyl-functionalized compounds 9 and 13 were synthesized 
in a similar manner to 5 through the intermediacy of 6-8 and 10-
12, respectively (Scheme 1). 
  OPVs end-functionalized by iodo and aldehyde groups were 
then synthesized in an iterative fashion. Successive 
stereospecific Horner-Wadsworth-Emmons coupling of 5, 9 and 
13 with 4-iodobenzaldehyde and higher (alkyl-substituted) 
homologues gave a series of nitriles that were reacted with 
DIBAL-H in toluene to afford aldehydes following work-up (14-25, 
Scheme 2). Sonogashira coupling of trimethylsilylacetylene with 
the iodo-functionalized 17, 21, and 25 afforded the 
trimethylsilylethynyl-functionalized 26-28, which were then 
reacted with diethyl(4-nitrobenzyl)phosphonate and potassium 
tert-butoxide in THF to give the α-alkynyl-ω-nitro-terminated 
OPVs 29-31. Finally, the aforementioned reactions of 29-31 with 
[RuCl(dppe)2]PF6, followed by treatment with base, afforded the 
new complexes Ru4, Ru6, and Ru8 (Scheme 3). Detailed 
information on synthetic procedures for 1-31, Ru4, Ru6, and 
Ru8 is given in the Supplementary Information. 

 All compounds were characterized by the usual 
spectroscopic and spectrometric techniques (Figures S1-S74), 
and the molecular structure of the oxidation product of 2 (2-O) 
as well as the molecular structures of 15, 17, 26, 29 and Ru4 
were confirmed by single-crystal X-ray crystallographic studies 
(Figures 1 and S75-S79, Tables S1 and S2). The 31P NMR 
spectra of the complexes Ru4, Ru6, and Ru8 exhibit singlets at 
49.5 ppm, consistent with trans stereochemistry at the metal 
centre and no effect on the dppe phosphorus chemical shift on 
OPV lengthening, while the IR spectra contain characteristic 
ν(C≡C) bands at 2050 cm-1, again invariant on OPV lengthening. 
The identities of all three complexes were confirmed by 
satisfactory microanalyses and the ESI mass spectra, the latter 
containing molecular ions. The bond lengths and angles from 
the structural studies are unremarkable for the organic 
compounds and alkynyl complex. Of particular interest are the 
planarities of the OPV units. The dihedral angles along the OPV 
π-bridge of Ru4 are consistent with a relatively planar 
arrangement from ring C3-C8 to ring C23-C28, but with the nitro-
containing ring C35-C40 deviating significantly from co-planarity 

(Figure 1). The precursor alkyne 29 shows a similar co-planarity 
deviation with the nitro-functionalized ring [dihedral angles (°): 
C3-C8 and C11-C16: 7.123 (0.264), C11-C16 and C11’-C16’: 
0.000 (0.116) (due to symmetry), C11’-C16’ and C3A’-C8A’: 
42.282 (0.481)].  

 

Figure 1. Molecular structure of Ru4, with thermal ellipsoids set at the 40% 
probability level. Hydrogen atoms, disordered components and the lattice 
dichloromethane molecule have been omitted for clarity. Selected bond 
lengths (Å) and angles (°): Ru1-C1 2.000(3), Ru1-P1 2.3564(8), Ru1-P2 
2.3773(7), Ru1-P3 2.3835(8), Ru1-P4 2.3652(8), Ru1-Cl1 2.5085(7), C1-C2 
1.216(5), P1-Ru1-Cl1 92.00(3), P1-Ru1-P2 82.07(3), P2-Ru1-Cl1 98.52(3), 
P3-Ru1-Cl1 82.71(3), P3-Ru1-P1 98.68(3), P3-Ru1-P2 178.55(3), P4-Ru1-Cl1 
89.00(3), P4-Ru1-P1 178.98(3), P4-Ru1-P2 97.60(3), P4-Ru1-P3 81.63(3), 
C1-Ru1-Cl1 179.04(9), C1-Ru1-P1 88.24(9), C1-Ru1-P2 82.44(9), C1-Ru1-P3 
96.34(9), C1-Ru1-P4 90.77(9). Dihedral angles (°): C3-C8 and C11-C16: 
15.857(0.163), C11-C16 and C23-C28: 17.346(0.158), C23-C28 and C35-
C40: 42.051(0.163). 

Linear optical properties. UV-vis absorption maxima and 
extinction coefficients for Ru4-Ru6, together with some 
published data for homologues with shorter OPV π-bridges 
(trans-[Ru(C≡C-1-C6H4-4-NO2)Cl(dppe)2] (Ru1), trans-[Ru{C≡C-
1-C6H4-4-(E)-CH=CH-1-C6H4-4-NO2}Cl(dppe)2] (Ru2), and  
trans-[Ru{C≡C-1-C6H4-4-(E)-CH=CH-1-C6H4-4-(E)-CH=CH-1-
C6H4-4-NO2}Cl(dppe)2] (Ru3)), are collected in Table 1 (the 
spectra are provided in Figure S80). We note the varying levels 
of bridge alkylation across this series of complexes; alkylation of 
the complexes with the longer OPV π-bridges is essential on 
solubility grounds, and not anticipated to significantly affect the 
wavelength of optical absorption maximum. The low-energy 
optical absorption maximum red-shifts on proceeding from Ru1 
to Ru2, blue-shifts on proceeding from Ru2 to Ru3 and Ru4, 
and is then essentially invariant on further OPV lengthening to 
Ru6 and Ru8. For Ru1 and Ru2, this band corresponds to a  

 

Scheme 3. Syntheses of compounds 26-31, Ru4, Ru6, and Ru8 (hex = hexyl, Et-hex = 2-ethylhexyl, [Ru] = trans-[RuCl(dppe)2]). 
Conditions: a) HC≡CSiMe3, PdCl2(PPh3)2, CuI, NEt3, THF; b) p-O2NC6H4CH2PO(OEt)2, THF, t-BuOK; c) [RuCl(dppe)2]PF6, i. NaPF6, CH2Cl2, ii. NEt3 
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LUMO←HOMO MLCT transition with significant ruthenium 
involvement in the HOMO and nitro contribution to the 
LUMO;[5l,9] the λmax data are suggestive of a decreasing 
contribution of the peripheral substituents and an increasing 
OPV-centred transition on OPV lengthening.  

 
Electrochemical and spectroelectrochemical studies. The 
results from cyclic voltammetric studies on Ru4, Ru6 and Ru8 
(Figure S81) reveal a fully reversible oxidation process for each 
complex at ca. 0.5 V, a potential similar to those for previously 
reported trans-[Ru(C≡CR)Cl(L2)2] complexes lacking acceptor 
groups (see, for example, references [5l,6,10]), together with an 
irreversible nitro-centred reduction at ca. -1 V (Table 1). 
Ruthenium complexes with 4-nitrophenylethynyl ligands show 
oxidation potentials of ca. 0.7 V (see Ru1, Table 1), reducing on 
π-system lengthening (see Ru2 and Ru3, Table 1). The data are 
consistent with the longer π-bridges in the present complexes 
further attenuating the electron-withdrawing effect of the nitro on 
the ease of oxidation at the metal centre. The differences in 
oxidation potentials across the complexes are consistent with 
previous reports showing that increasing the length of the π-
bridge in dipolar ruthenium alkynyl complexes with OPE bridges 
modifies the oxidation potential on π-system lengthening up to a 
tri(phenyleneethynylene) unit, the potential remaining invariant 
on further bridge-lengthening.[10]  

In situ UV-vis spectroelectrochemical studies using an 
OTTLE (optically transparent thin-layer electrochemical) cell 
allows simultaneous collection of spectra whilst the complex is 
undergoing a redox process. Application of a 0.7 V potential to a 
sample of each complex afforded clean isosbestic points during 
the Ru!! to RuIII oxidation process (Figures 2, S82 and S83), and 
resulted in the emergence of a new low-energy band centred at 
ca. 9 000 cm-1, with the band shifting slightly to lower energy on 
chain lengthening. The fully-reversible nature of this process and 
the strong optical changes that accompany it are suggestive of a 
potential for nonlinear optical switching,[11] but we have not 
pursued this possibility in the present studies. 
 
Hyper-Rayleigh scattering studies. The quadratic 
nonlinearities of Ru4, Ru6, and Ru8 were determined at 1064 
nm using the hyper-Rayleigh scattering technique; the results 
are presented in Table 2, together with the two-level corrected 
values. We have discussed shortcomings with the two-level 
model in previous reports (see, for example ref. [5l]); although 
the two-level model is not generally considered adequate for 
donor-bridge-acceptor organometallic complexes such as those 
in the present study, it may have some utility in cases where the 
structural variation is restricted to the molecular components 
responsible for the low-energy charge-transfer bands in the 
linear optical spectrum. For Ru1 and Ru2, the low-energy bands 
for the present series of complexes are charge-transfer in nature 
and involve the alkynyl ligand that is the subject of systematic 
variation, so we have also explored the evolution of β0 upon 
structural modification (while being cognizant of the 
aforementioned shortcomings). Table 2 also includes HRS data 
collected in this study for Ru1, Ru2, and Ru3, together with the 
results of previous measurements of these and related 
compounds. We note that, while our <β>HRS values for Ru2 and 
Ru3 are consistent with the previously reported data (within the 
error margins of these measurements),  

 

Table 1. Cyclic voltammetric[a] and linear optical data.[b] 

 

 Ru 
oxidation 

NO2 

reduction 
νmax  [ε]  

RuII 
νmax [ε]  
RuIII 

Ref 

Ru1 0.74  
[c, 0.9] 

-0.84  
[c, 0.8] 

20 950 [2.0][d] [c] [5l] 

Ru2 0.55  
[c, 1] 

-0.98  
[c, 1] 

20 450 [2.6][d] [c] [5l] 

Ru3 0.54  
[c, 1] 

-0.91  
[c, 0.9] 

21 350 [1.6][d] [c] [6] 

Ru4 0.50  
[0.24; 1] 

-0.99  
[0.35; 0.9] 

23 650 [7.7]  
40 350 [6.7] 
 

  9 050 [2.3] 
10 250 [1.7] 
17 650 [1.7] 
24 550 [6.1] 
30 350 [2.9] 
37 350 [5.9] 

This 
work 

Ru6 0.51 
[0.12; 1] 

-1.15 
 [0.34; 0.9] 

23 350 [14.9] 
30 650 [4.3] 
39 850 [9.6]] 

  8 950 [2.7] 
10 250 [2.0] 
17 950 [2.4] 
23 950 [12.1] 
37 550 [8.0] 

This 
work 

Ru8 0.52 
[0.15; 1] 

-0.95  
[0.52; irr] 

23 550 [17.4]  
30 550 [4.8]  
39 450 [9.7]  

  8 850 [2.0]   
10 150 [1.5]  
18 050 [1.7]  
23 850 [15.4]  
39 350 [8.8]  

This 
work 

Measured in CH2Cl2; [a] E1/2 (V), [∆E (V), ipc/ipa], FcH/FcH+ couple at 0.56 
V (∆E ≈ 0.2 V, ipc/ipa  ≈ 1), Fc = ferrocenyl; [b] cm-1 [104 M-1 cm-1]; [c] not 
reported; [d] measured in THF. 

 

Figure 2. Progressive changes to the UV-vis spectrum for complex Ru6 
on application of a 0.7 V potential. 
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Table 2.  Summary of HRS results.[a]  

Complex Structure λmax, (nm) <β>HRS  <β0> Ref. 

Ru1    
477  

670 ± 170 
350 ± 35  
560 ± 9 

105 
55  
88 

This work 
[5l] 
[6] 

Ru2   
489  

2310 ± 230 
2700 ± 270 

283 
342  

This work 
[5l] 

Ru3   
468 

2570 ± 260 
2525 ± 175 

470 
460 

This work 
[6] 

Ru4  419 1355 ± 340 435 This work 

Ru6  419 940 ± 240 302 This work 

Ru8  423 890 ± 220 277 This work 

  468 1240 ± 110 225 [6] 

  429 1327 ± 110 388 [6] 

  426 515 ± 50 160 [10] 

[a] Measured in THF at 1064; HRS values in units of 10-30 esu. 

 
our Ru1 value differs from one of the previous reports, but is 
consistent with the more recent report, and close in value to that  
of the bis(diphenylphosphino)methane (dppm) analogue trans-
[Ru(C≡C-1-C6H4-4-NO2)Cl(dppm)2] (λmax = 473 nm, <βHRS = 
767 x 10-30 esu, <β>0 = 129 x 10-30 esu)[9].  

The major focus of the present study is to assess the impact 
of OPV π-bridge lengthening. Proceeding from Ru1 to Ru2 
results in a significant increase in <β>HRS and <β0> values. A 
smaller increase is seen on proceeding to Ru3. Further OPV 
lengthening to Ru4 results in a decrease in these parameters, 
with a further reduction seen in proceeding to Ru6 and Ru8. 
Overall, these data are consistent with a saturation effect similar 
to that observed with ligated-ruthenium/nitro end-functionalized 
OPE analogues,[10] for which nonlinearities are maximized at the 
same π-bridge length (Table 2). An additional important concern 
is to assess the relative merit of π-bridge construction via OPV 
or OPE units: comparison of data in Table 2 for equivalent 
length π-bridges reveals that the OPV-containing complexes are 
uniformly significantly superior to their OPE-containing 
analogues. The quadratic nonlinearities of the complexes in the 
present study are large in an absolute sense, but proximity of 
the charge-transfer absorption bands to the second-harmonic 
wavelength (532 nm) and the lack of adequacy of the two-level 
approximation for such compounds render further comment 
unwarranted; studies at longer wavelengths are needed for more 
detailed analysis. 

 
Computational studies. Calculations employing density 
functional theory (DFT) and time-dependent DFT (TD-DFT) were 
undertaken to rationalize the optical properties of the complexes 
in the present study. Two methods (PBE1PBE and CAM-
B3LYP) were used (Table S3). The diphosphine ligands of the 
experimental complexes were approximated by 
di(phosphino)methane, and varying levels of alkylation of the 
OPV π-bridge were explored (see below).  

With TD-PBE1PBE, the calculations revealed several 
intense electronic transitions in the low-energy region (< 30 000 
cm-1) for each species; the oscillator strengths of the lowest-
energy bands decrease and the intensities of the second and 
third lowest-energy transitions increase with increasing OPV π-
bridge length (Table S4). Furthermore, the second-lowest-
energy transition, particularly for the longer species (i.e. the S0 
 S2 transition for models of complexes longer than Ru4), 
dominates the electronic transitions in the lower-energy region. 
In contrast, CAM-B3LYP predicted only one transition with a 
large oscillator strength in the same region. The calculated 
intensity of this red-shifting transition shows a gradual increase 
with increasing π-bridge length and so, as a result, the TD-CAM-
B3LYP calculations suggest an intense narrow band, particularly 
for the larger complexes, in the lower-energy region of the UV-
Vis spectrum. All of these singlet-excited transitions (apart from 
the S0  S1 calculated by TD-PBE1PBE) are associated with 
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multiple single-electron transitions between several occupied 
and unoccupied frontier molecular orbitals. Natural transition 
orbitals (NTOs)[12] were therefore calculated as an alternative 
way to describe the character of the transitions in the current 
work. 

Figures S84 and S85 display the calculated NTOs using 
PBE1PBE and CAM-B3LYP, respectively. The NTOs in Figure 
S84 reveal that the intense lowest-energy transition is 
predominately metal-to-ligand charge transfer (MLCT) with other 
transitions showing admixture of MLCT and intra-ligand CT 
character (ILCT: π  π* within the phenylenevinylene unit). 
Moreover, it appears that the ILCT contribution, particularly to 
the second-lowest-energy transition, grows gradually and the 
strong overlap within the hole-particle pair, particularly for the 
longer system, seems to result in an increase in transition dipole 
moment (oscillator strength) for this transition. 

Figure S85 shows the NTOs calculated with CAM-B3LYP. 
These results indicate that, particularly for the smaller 
complexes, the OPV moiety mainly functions as a bridge 
interconnecting electron donor (Ru) and acceptor (NO2) groups. 
For the larger complexes Ru6 through Ru8, the most intense 
transition is predominantly π  π* in character. On the basis of 
these results, we conclude that the OPV unit has the dual role of 
acting as a bridge (when the number of repeat units n is small) 
and acting as a donor-acceptor pair (when n is large), as shown 
by a deterioration of the donor (metal) – acceptor (nitro) 
interaction in the larger complexes. 

Calculations were also undertaken on several complexes 
with methylated spacers (Ru4", Ru6", and Ru8"). These model 
species were built by methylation of the non-nitro-containing 
phenylene groups in the OPV unit of the corresponding model 
complex (i.e. Ru4', Ru6', and Ru8'). All these compounds were 
constrained to Cs symmetry. Methyl groups were used as small 
analogues of the ethyl, hexyl, and 2-ethylhexyl substituents used 
in the experimental studies. The calculated UV-Vis results 
(Table S4) do not show significant differences between Ru4" 
and Ru4'". Furthermore, the calculated UV-Vis spectrum of 
Ru6" nicely reproduces that of Ru6'"; thus, methyl is an 
effective model for the larger alkyl substituents that were used to 
overcome solubility problems. Next, the UV-Vis spectra of 
methylated Ru4", Ru6", and Ru8" were compared with their 
“unadorned” analogues Ru4', Ru6', and Ru8', respectively (see 
Table S4). Although methylation has a minor effect, a slight blue 
shift in the intense low-energy transitions can be seen when 
methyl substituents are introduced. In TD-PBE1PBE calculations 
on Ru6" and Ru8", an additional electronic transition is seen in 
the low-energy region but its intensity is very small compared 
with the most intense transition. Overall, alkylation has a minor 
effect on linear optical data.  

All of the calculations summarized thus far were undertaken 
on complexes with planar OPV bridges. With both DFT 
functionals employed, the calculations revealed that increasing 
π-bridge length resulted in the lowest energy transition moving to 
longer wavelength, but the empirical data are inconsistent with 
this. For example, the experimental absorption maxima of Ru4, 
Ru6, and Ru8 exist in a narrow spectral region (23 500 cm-1 – 
24 000 cm-1) and they are significantly blue-shifted compared to 
the bands in the UV-Vis spectra of shorter compounds. Similarly, 
a blue-shift in the lowest-energy band is seen on proceeding 
from Ru2[5l] to Ru3.[6] The Cs point group imposed during the 
aforementioned calculations does not allow the π-bridge phenyl 

groups to alter the idealized coplanar arrangement, and thus this 
may not represent the statistically averaged structures pertaining 
under laboratory conditions. Moreover, the large alkyl groups 
used experimentally to overcome solubility problems may also 
have a substantial effect on phenyl orientation. For these 
reasons, the effect of ring torsion in Ru3' was investigated by 
rotating the terminal phenyl group with respect to the rest of the 
π-bridge. (Note that we have tested only the terminal alkenyl-aryl 
bond rotation in order to simplify the analysis, but this is a 
realistic initial approach, and indeed this corresponds to the ring 
exhibiting significant deviation from co-planarity in the structural 
studies of Ru4 and 29: see above.) First, geometrical structures 
were optimized as a function of the angle (θ) between the 
terminal phenyl group and the alkenyl linkage. Next, UV-Vis 
calculations on the optimized, angle-constrained geometries 
were undertaken. Low-lying transitions with large oscillator 
strengths for each conformation are summarized in Table S5. 
Not surprisingly, deviating from an ideal coplanar arrangement 
(θ = 0°), possessing very strong π-conjugation, to an orthogonal 
conformation (θ = 90°) results in a gradual increase in total 
energy as conjugation breaks at the orthogonal junction. 
However, for angles θ up to 40°- 45°, the rotational energy 
barrier is relatively small. Consequently, the experimental 
complex 3, the laboratory analogue of the theoretical construct 
Ru3', is expected to exist in a relatively broad range of torsional 
conformations, particularly in solution. Calculated TD-DFT 
results indicate that twisting of the terminal 4-nitrophenyl group 
from θ = 0° to 90° results in a blue-shift and a gradual increase 
in intensity of the lowest energy band (Table S5). Since 
opportunities for twisting phenyl/phenylene groups are increased 
as the OPV unit increases in length, it is possible that the 
experimental observation of a blue-shift in the lowest-energy 
absorption band may result from this spectral band comprising 
several overlapping transitions given by conformations with both 
planar and non-planar phenylenevinylene moieties. 
Nevertheless, as Table S4 indicates, particularly for the larger 
complexes, further increasing the OPV length has little influence 
on the band position, and this behaviour, along with rotations 
within the OPV, may be extrapolated to interpret the laboratory 
observation of absorption maxima for Ru4, Ru6, and Ru8.  

Conclusions 

In combination with previously reported shorter homologues, the 
complexes Ru4, Ru6, and Ru8 comprise a set of end-
functionalized OPV-containing dipolar organometallics. These 
complexes have afforded the opportunity to explore the effect of 
bridge variation on electrochemical and optical properties. The 
RuII/III oxidation potentials decrease on proceeding from Ru1 to 
Ru4 and then increase very slightly on proceeding from Ru4 to 
Ru8, the wavelength of the UV-vis λmax band decreases on 
proceeding from Ru1 to Ru4, but is then essentially invariant on 
proceeding from Ru4 to Ru8, and the quadratic nonlinearity β1064 
increases on OPV lengthening from Ru1 through Ru2, reaches 
a maximum at Ru3, and decreases on further OPV lengthening 
through Ru4-Ru8. These data are all consistent with an effective 
conjugation length consisting of a tri(phenylenevinylene) unit. 
Beyond this bridge length, properties plateau or are maximized. 
Similar observations have been noted with other ruthenium 
complexes. The evolution in linear and quadratic NLO properties 
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of tetrakis(ammine)ruthenium complexes bearing 4-vinylpyridine 
ligands [trans-[Ru(1-NC5H4-4-{(E)-CH=CH}n-1-C5H4NMe-
4)(L)(NH3)4](PF6)3 (L = N-methylimidazole, pyridine, NH3; n = 0-
3) has been explored; the lowest-energy bands blue-shift as the 
number of E-ene groups increases and the static first 
hyperpolarizability β0 peaks at n = 2, results ascribed to 
increasing π-character of the HOMO (and thereby decreasing 
MLCT character and increasing ILCT character of the lowest-
energy transition) on increasing the conjugation length.[13] The 
evolution of linear, quadratic, and cubic NLO properties of trans-
[Ru(C≡C-{1-C6H4-4-C≡C-}n1-C6H4-4-NO2)Cl(dppm)2] (n = 0-2) 
and trans-[Ru(C≡C-{1-C6H4-4-C≡C-}2{1-C6H2-2,5-(OEt)2-4-
C≡C}n1-C6H4-4-NO2)Cl(dppm)2] (n = 1, 2) has also been 
explored; the lowest-energy bands blue-shift as the number of 
phenyleneethynylene units increases, plateauing at the 
tri(phenyleneethynylene) complex, and the quadratic and cubic 
NLO properties peak at the same conjugation length, an 
outcome ascribed to decreasing LUMO ← HOMO transition 
importance and increasing on-axis aryl rotation-mediated 
change in relative intensities of key close-lying transitions.[10] In 
the present case, the computational studies suggest that similar 
intra-OPV rotations, and a consequent plethora of 
conformational possibilities, results in the experimentally 
observed relatively invariant optical properties. 

The quadratic nonlinearities for the present complexes are 
large, although the proximity of the optical absorption maxima to 
the laser second-harmonic wavelength is consistent with 
significant resonance enhancement. The two-level corrected 
nonlinearities are very large for complexes of this size, but the 
model on which these calculations are based is probably 
inapplicable for such complexes. Nevertheless, while being 
mindful of these considerations, comparisons within the series of 
closely related complexes are useful. One clear trend is to 
confirm that the observation with organic systems of the 
increased efficacy of phenylenevinylene vs 
phenyleneethynylene-based bridges is maintained on 
proceeding to metal alkynyl complexes. The present studies 
have also defined Ru3 as possessing the specific OPV π-bridge 
length to afford the most efficient optical material with this 
ligated-metal unit as donor group, a similar outcome to that seen 
with end-functionalized OPE analogues (see above). Finally, the 
experimental observations and the calculations suggest that 
while end-functionalization can certainly modulate OPV 
properties, this does not necessarily preclude a negative impact 
on π-system co-planarity. 
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