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CHAPTER 3

SYNTHESIS, SPECTROSCOPY AND BORONATION OF A NEW 

HETEROLEPTIC RUTHENIUM CYANIDE COMPLEX

Introduction

[Ru(diimine)(CN)4]2- complexes

Figure 1: Structure of [Ru(bpy)(CN)4]2-.

Inspired by mounting evidence that the long-lived metal-to-ligand charge transfer 

(MLCT) excited state of [Ru(bpy)3]2+ featured an electron localized on just one bpy 

ligand, Scandola et al. first synthesized [Ru(bpy)(CN)4]2- (Figure 1) in 1986 as a 

minimalistic model of Ru(II) diimine photosensitizers.1 They observed that the 

luminescence and excited-state properties were very similar to [Ru(bpy)3]2+, but that 

the spectroscopic properties also featured strong solvatochromism. The magnitude of 
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the solvatochromism is driven largely by specific solvent interactions with the 

cyanide ligands. In a systematic study of Ru-polypyridyl-cyanide complexes with 1-

5 cyanides, Meyer et al. found that shifts in the C-N stretching frequency, MLCT 

absorption energy, and emission energy all correlated with the Gutmann acceptor 

number of the solvent and increased as a function of the number of cyanide ligands.2

These solvatochromic properties have driven much of the interest in 

[Ru(bpy)(CN)4]2- and related [Ru(diimine)(CN)4]2- complexes,3–5 and several 

applications have been reported. PPN2 Ru(bpy)(CN)4 (PPN = 

bis(triphenylphosphine)iminium) can be used as a humidity sensor, as it reversibly 

turns from purple to yellow on exposure to water vapor.6 Solvent-tunable dye 

sensitized solar cells have been produced using a carboxylate-modified bpy to append 

the molecule to TiO2.7

The exposed lone pair on the cyanide nitrogen in [Ru(diimine)(CN)4]2- complexes 

has also been exploited to form supramolecular assemblies through hydrogen 

bonding8–13 or coordination to other metal centers.14–21 These assemblies often have 

interesting luminescence or energy-transfer properties, and one such assembly has 

been exploited as a sensor and chemodosimeter for amines released during food 

spoilage.15,16

Borane Modification of Metal Cyanide Complexes

In 1963, Shriver observed that a number of cyanometallates could absorb an 

equivalent of borane per cyanide, resulting in a ca. 100 cm-1 shift in the C-N stretch 

to higher frequencies.22 For the homoleptic cyanometallates, he found that the d-d

transitions were unaffected by the coordination of borane, but the spectrum of 

Fe(phen)2(CN)2, which is dominated by MLCT transitions, blueshifted dramatically. 

This pair of observations indicates that formation of the borane adduct stabilizes 

metal-centered orbitals, but has no strong effect on the ligand-based orbitals.  As a 
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result, one expects that d-d transitions should remain relatively constant, MLCT 

transitions should blueshift, and ligand-to-metal charge transfer (LMCT) transitions 

should redshift on boronation; electrochemically, the same orbital shifts should 

produce anodic shifts in metal-centered redox processes while minimally affecting 

ligand-centered redox processes. 

While this area of research had been fairly dormant since Shriver’s work, it became 

of interest to the Gray group as a way of tuning the potential of cyanometallates in 

order to produce high-voltage redox flow battery electrolytes. As expected, 

McNicholas et al. found that addition of boranes to ferricyanide anodically shift the 

FeII/III couple.23 By examining cyclic voltammagrams containing substoichiometric 

BPh3, which coordinates reversibly to the cyanides, they determined that there is a 

linear relationship between the number of boranes coordinated and the magnitude of 

the shift. Each equivalent of BPh3 shifts the ferricyanide couple by ca. 260 mV, and 

for BCF, which coordinates irreversibly, a more dramatic 350 mV shift was observed. 

These observations were in line with previous publications which showed similar 

shifts in OsII/III 24 and ReI/II couples25 on addition of the same boranes to cyanide 

ligands. 

As of this writing, the study of boronation of homoleptic cyanometallates is very 

active within the Gray group, and manuscripts are now in preparation describing 

synthesis and spectroscopy of Co, Mn, Cr, Fe, Ru, Os, Ni, and Pt isocyanoborate 

complexes.26–28

Previous Work on Boronation of [Ru(bpy)(CN)4]2- and related complexes

In an effort to develop symmetric redox flow battery electrolytes, the boronation of 

Fe(II) and Ru(II) cyanometallates containing bpy and phen has also been studied 

recently in the Gray group.26,29 [Ru(bpy)(CN)4]2-, [Fe(bpy)(CN)4]2-, and 

[Fe(phen)(CN)4]2- were each boronated with both BPh3 and BCF. In each case, 
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boronation produces a shift to higher frequency of the C-N stretches, a blueshift in 

the MLCT-dominated optical spectrum, and an anodic shift of the MII/III couple, with 

more dramatic shifts for BCF than BPh3, reflecting its higher Lewis acidity. In the

case of [Ru(bpy)(CN)4]2--, boronation also results in a luminescent excited state that 

is two orders of magnitude longer-lived, although the BPh3 adduct undergoes 

photodecomposition with loss of the borane.

Although a redox flow battery has not yet been successfully created from it, this 

research resulted in the synthesis of [Ru(bpy)(CN-BCF)4]2--, which in MeCN has two 

reversible redox events separated by more than 3.5 V. This voltage would greatly 

improve upon the working voltages of existing flow battery systems. The following 

work represents an effort to improve the reductive stability of this molecule.

Results & Discussion

Synthesis and Spectroscopy of [Ru(CF3bpy)(CN)4]2-

K2Ru(CF3bpy)(CN)4 (CF3bpy = 4,4’-bis(trifluoromethyl)-2,2’-bipyridine) was

synthesized analogously to other K2Ru(diimine)(CN)4 complexes30 and converted to 

the PPN salt by precipitation from aqueous solution. PPN2Ru(CF3bpy)(CN)4 is 

received initially as a brick-red solid which is soluble in polar organic solvents and 

turns dark green when fully dehydrated. The complex was characterized by 1H and 
19F NMR spectroscopy, solid-state IR spectroscopy, elemental analysis, and X-ray 

crystallography. 
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Figure 2: Molecular structure of PPN2Ru(CF3bpy)(CN)4.
Thermal ellipsoids set at 50% probability. Cations, 
hydrogen atoms, and solvent molecules omitted for 
clarity.

The X-ray crystallographic data (Figure 2) reveals a negligible difference in metal-

ligand contacts between [Ru(CF3bpy)(CN)4]2- and the parent bpy complex,6 which 

suggests that there is minimal difference in backbonding, despite the more electron-

deficient bipyridine ligand. The C-N stretches detected in the solid state by FT-IR 

spectroscopy (Figure 3) support this interpretation. Typical complexes in this family 

have three closely-spaced strong peaks between 2030-2060 cm-1 and a weaker peak 

around 2090 cm-1; the closely-spaced peaks were not resolved, but the observed 

peaks at 2062 and 2090 cm-1 are in line with related complexes.
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Figure 3: IR spectrum of PPN2Ru(CF3bpy)(CN)4 with C-
N stretches highlighted in inset.
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Figure 4: UV-Vis spectra of [Ru(CF3bpy)(CN)4]2- in 
water (red broken trace, K salt) and acetonitrile (green 
solid trace, PPN salt).

[Ru(diimine)(CN)4]2- complexes are well-known for their solvatochromism, which 

results both from having a ground-state dipole which interacts with polar solvents 

and the ability to accept hydrogen bonds at the N-termini of the cyanide ligands.5

Likewise, [Ru(CF3bpy)(CN)4]2- displays strong solvatochromism, with the lowest-

energy MLCT transition redshifting ca. 5500 cm-1 when the solvent is changed from 

water to acetonitrile (Figure 4).  In water, the spectrum displays three distinct bands, 

which can be assigned as two MLCT transitions and a CF3bpy- -

based on their extinction coefficients (~103 M-1cm-1 for MLCT transitions and ~104

-

- -1), indicating that cyanide lone 

pair interactions are able to shift the d(Ru) orbitals while minimally affecting the 
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CF3bpy orbitals.  The absorption bands are also redshifted relative to most other 

[Ru(diimine)(CN)4]2- complexes (Table 1), reflecting the low-l
CF3bpy relative to bpy and other commonly-used diimines. In this respect, CF3bpy 

displays similar electronic properties to bpz, but without the exposed lone pairs which 

hydrogen bond with water.

Table 1: Comparison of room temperature photophysical 
data for [Ru(CF3bpy)(CN)4]2- and selected 
[Ru(diimine)(CN)4]2- complexes. Rbpy indicates R in the 
4,4’ positions of bipyridine.

Diimine ligand Solvent max (nm)( (M-1 cm-1)) em (nm) ( (ns)) Reference

bpy H2O 400 610(101) 1 

H2O 404(4100) 624(100) 11

MeCN 535 790(7) 8 
Mebpy H2O 392 600(115) 31

MeCN 530 780(7) 31

bpym D2O 437(2200) (3.4) 19

MeCN 575 (0.25) 19

bpz H2O 465(5700) 704(5) 32

MeCN 554  32
HOOCbpy MeCN 515 750 7 
CF3bpy H2O 443(3170) 706 This work

MeCN 589(3770) N.O. below 930 This work

While [Ru(diimine)(CN)4]2- displays weak luminescence in aqueous solution (Figure 

S6), no luminescence was observed in the solid state or 2-MeTHF solution at room 

temperature or 77 K, suggesting that the emission in the dehydrated form may be 

redshifted beyond the 930 nm detection limit of the instruments used. 
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Figure 5: Cyclic voltammagram of 33 mM PPN2

Ru(CF3bpy)(CN)4 in 0.2 M Bu4NPF6-supported 
acetonitrile. Working electrode: glassy carbon. Counter 
electrode: Pt wire.

The cyclic voltammagram of PPN2 Ru(CF3bpy)(CN)4 in 0.2 M Bu4NPF6-supported 

acetonitrile displays two redox events at 0.05 and -1.92 V vs. Fc+/0 corresponding to 

oxidation of the metal center to Ru(III) and reduction of the  CF3bpy ligand, 

respectively (Figure 5).  The peak current ratios for both waves are close to unity and 

the peak-to-peak separations are ca. 79 mV and independent of scan rate, indicating 

diffusion-controlled reversible electron transfer. While the parent bpy complex 

features a second irreversible reduction presumed to be deligation of bpy2-,33 no such 

reduction or decomposition is observed for [Ru(CF3bpy)(CN)4]2-. The reductive 

stability of CF3bpy in this system is accompanied by a 330 mV anodic shift in the 

bpy0/- couple relative to the parent complex and a 230 mV anodic shift in the Ru2+/3+
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couple. These shifts indicate that not only is CF3bpy more easily reduced than bpy, 

but that inductive effects result in a harder to oxidize Ru center.

Boronation with BCF and Spectroscopy

The tris(pentafluorophenyl)borane (BCF) adduct PPN2 Ru(CF3bpy)(CN-BCF)4 was 

prepared in inert atmosphere by mixing  DCM solutions of PPN2 Ru(CF3bpy)(CN)4

and BCF and heating. On addition of the colorless BCF solution, the dark green PPN2

Ru(CF3bpy)(CN)4 solution rapidly turns yellow. The resulting complex is an air-

stable, luminescent yellow solid which is extremely soluble in polar organic solvents 

and has been characterized by 1H, 19F, and 11B NMR spectroscopy, solid state IR 

spectroscopy, elemental analysis, and X-ray crystallography.

Figure 6: Molecular structure of PPN2 Ru(CF3bpy)(CN-
BCF)4. Thermal ellipsoids set at 50% probability. 
Cations, hydrogen and fluorine atoms, and solvent 
molecules omitted for clarity.
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On addition of the borane, there is negligible change in the C-N distances and only a 

small shortening (ca. 0.05 Å) of the Ru-C distances (Figure 6).  This observation is 

in line with the trends observed on addition of BCF to ferricyanide,23 and likely 

results from a balancing of the bond-lengthening effect of N-donation to the borane 

and the bond-shortening effect of increased backbonding from Ru to the more -

acidic isocyanoborate. Crystallization of the related heteroleptic borane adducts has 

been stymied by their high solubility,26,29 so more direct comparisons are not 

currently possible. Presumably due to steric crowding, the axial isocyanoborate 

ligands bow significantly (Ru-C-N bond angle 170°) over the plane of the bipyridine 

ligand, while those in the plane of the bipyridine remain close to linear. However, the 

crystal structure of PPN[Fe(phen)(CN-BPh3)4] does not display the same bowing 

effect (Ru-C-N = 176°), so there may be an electronic or crystal packing effect at 

play.

Figure 7: IR spectrum of PPN2Ru(CF3bpy)(CN-BCF)4

with CN stretches highlighted in inset.
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The C-N stretches in [Ru(CF3bpy)(CN-BCF)4]2- are shifted to much higher frequency 

(> 100 cm-1, Figure 7). This observation, which indicates that the C-N bond is 

strengthened by coordination of the borane, is also in line with the shifts observed in 

ferricyanide23 and other heteroleptic Ru complexes.26,29

Figure 8: UV-Vis spectra for PPN2Ru(CF3bpy)(CN-
BCF)4 in DCM (blue solid trace) and MeCN (orange 
broken trace).

Addition of the boranes to [Ru(CF3bpy)(CN)4]2- induces a large blueshift in the optical 

absorption maximum, as the stronger Lewis acidity of BCF relative to water induces 

lowers the energy of the Ru- CF3bpy

orbitals, resulting in a blueshift in MeCN of the lowest-energy MLCT by nearly 8500 

cm-1. The boronated complex displays solvatochromism (Figure 8), with a slightly 

redshifted and split MLCT in DCM, indicating there is still a dipole in the ground 

state. [Ru(CF3bpy)(CN-BCF)4]2- is also brightly emissive at 545 nm, with a long 
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excited-state lifetime of 3.4 µs and high quantum yield of 14.4%, and is photostable 

for weeks in solution under room lights. 

Figure 9: Cyclic voltammagram of 2.3 mM PPN2

Ru(CF3bpy)(CN-BCF)4 in 0.2 M Bu4NPF6-supported 
acetonitrile. Working electrode: glassy carbon. Counter 
electrode: Pt wire.

Electrochemically, boronation with BCF induces a large anodic shift of 1.58 V in the 

potential of the Ru2+/3+ couple along with a 390 mV anodic shift of the CF3bpy0/·-

couple (Figure 9), comparable to the shifts observed for the parent bpy complex.26,29

While the peak current ratio for the CF3bpy0/·- remains near-unity, the peak-to-peak 

separation increases with increasing scan rate, indicating that the electron transfer is 

reversible but slow on the timescale of the scan rates used. The heterogeneous charge-

transfer rate constant (k0) determined by Nicholson analysis (see Figure S5) of the 

appropriate variable scan rate data is 0.009 cm s-1. The peak current ratios for the 
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Ru2+/3+ couple deviate significantly from unity (average for all scan rates measured = 

0.79) and decreases as the scan rate decreases, indicating a loss of reversibility 

attributable to an EC mechanism. Because the Ru2+/3+ couple occurs very near the 

edge of the stability window for Bu4NPF6-supported MeCN, it is impossible to 

determine whether this electrochemical irreversibility is inherent to PPN2

Ru(CF3bpy)(CN-BCF)4 or a result of solvent or supporting electrolyte decomposition.

Figure 10: Top: room temperature absorption and 
emission data for [Ru(CF3bpy)(CN-BCF)4]2- in 
acetonitrile. Bottom: Modified Latimer diagram with 
potentials given in V vs. Fc+/0.
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Combining the electrochemical and photophysical data, a modified Latimer diagram 

can be constructed (Figure 10) to estimate the excited-state redox potentials for 

[Ru(CF3bpy)(CN-BCF)4]2-.  [Ru(CF3bpy)(CN-BCF)4]2- is expected to be a strong 

excited-state oxidant and modest excited state reductant, with an excited state 

oxidation potential comparable to [Ru(bpz)3]2+.34

Conclusion

A new member of the [Ru(diimine)(CN)4]2- has been synthesized using the CF3bpy 

ligand, and it displays spectroscopic properties expected for an electron-withdrawing 

diimine. Notably, the library of [Ru(diimine)(CN)4]2- complexes with electron-

withdrawing diimine ligands is currently limited to bis(diazines) and HOOCbpy. 

[Ru(CF3bpy)(CN)4]2- represents an addition to this library that is nonreactive to 

protons, which may be desirable for certain applications.

The borane adduct [Ru(CF3bpy)(CN-BCF)4]2- has also been synthesized, and it 

represents an important step toward high voltage symmetric redox flow battery 

electrolytes with a voltage difference of 3.2 V. While the Ru2+/3+ couple occurs too 

close to the edge of the solvent stability window to be useful as a flow battery 

electrolyte, the enhanced stability of the CF3bpy0/- couple indicates that a different 

isocyanoborato complex of CF3bpy such as Ru(CF3bpy)2(CN-BCF)2 might be able to 

achieve the right balance of properties. 

[Ru(CF3bpy)(CN-BCF)4]2- also has luminescence properties that suggest it may be a 

useful photoredox catalyst. With 1 V of oxidizing power vs. Fc+/0, it may be a 

competent catalyst for photooxidations that currently utilize [Ru(bpz)3]2+ or 

[Ir[dF(CF3)ppy]2(dtbbpy)]+ as catalysts.
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Methods

General Considerations

Potassium hexacyanoruthenate(II) was synthesized by a known procedure35. 4,4’-

trifluoromethyl-2,2’-bipyridine (CF3bpy, Strem), bis(triphenylphosphine)iminium 

chloride (PPNCl, Millipore Sigma), and tris(pentafluorophenyl)borane (BCF, TCI) 

were used as received.  NMR spectra were collected on a Varian 400 MHz

spectrometer ( -visible 

spectra were collected on a Cary 50 Bio or Cary 500 spectrometer.  Solid-state 

infrared spectra were collected on a Thermo Scientific Nicolet iS5 FT-IR 

spectrometer with an iD5 ATR diamond.  

Synthesis & Characterization

PPN2Ru(CF3bpy)(CN)4

K2Ru(CF3bpy)(CN)4 was synthesized with a modified version of the procedure 

published by Jiwan.30 To a boiling solution of K4Ru(CN)6 (400 mg, .908 mmol) and 
CF3bpy (305 mg, 1.04 mmol) in 50 mL 1:1 methanol:water was added 400 L 3.6 N 

H2SO4 (pH 4).  The solution was refluxed for 24 h, over which time it slowly turned 

red, then cooled to room temperature and neutralized.  Excess CF3bpy was removed 

by filtration and the solvent was removed.  The remaining residue was purified by 

gel-filtration chromatography on a Sephadex G-15 column.  Elution with water gave 

a main orange band free of excess K4Ru(CN)6.  The main fraction was dried under 

vacuum to give K2Ru(CF3bpy)(CN)4, yield 30%.  The cation was exchanged by 

precipitation from concentrated aqueous solution with a saturated solution of PPNCl 

(307 mg, .535 mmol in 20 mL water).  The resulting brick-red precipitate was 

collected by filtration and dried in a desiccator or under vacuum until it turned green, 

yield 326 mg (25%).  Single crystals suitable for X-ray diffraction analysis were 

grown by slow evaporation from DCM solution. 1H NMR (400 MHz, CD2Cl2): 
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10.02 (d, J = 8 Hz, 2H, 6,6’-H), 8.12 (s, 2H, 3,3’-H), 7.69-7.65 (m, 24H, PPN), 7.52-

7.44 (m, 36H, PPN), 7.40 (d, J = 8 Hz, 2H, 5,5’-H). 19F NMR (CD2Cl2): -64.71.  IR 

(cm-1, CN stretches) 2062, 2090.  Anal. Calcd for C88H66F6N8P4Ru: C, 67.13; H, 4.23; 

N, 7.12. Found: C, 64.21; H, 4.28; N, 5.55.

PPN2Ru(CF3bpy)(CN-BCF)4

In a nitrogen-filled glovebox, PPN2Ru(CF3bpy)(CN)4 (100 mg, 0.0637 mmol) and 

excess BCF (133 mg, 0.261 mmol) were each dissolved in minimal DCM.  The two 

solutions were combined, causing a rapid color change from green to red to yellow.  

The solution was stirred for 1 h, then dried under vacuum.  The resulting luminescent 

yellow solid was washed 3 x 10 mL hexanes, then dried thoroughly under vacuum.  

The resulting air-stable material was then further purified by flash chromatography 

on silica gel (eluent gradient from 100% hexanes to 90% dichloromethane in 

hexanes), affording 131 mg yellow product (0.0362 mmol, 56% yield).  Single 

crystals suitable for X-ray diffraction analysis were grown from a saturated ethanol 

solution at –25°C. 1H NMR (400 MHz, CD2Cl2): 9.22 (d, J = 4 Hz, 2H, 6,6’-H), 

8.29 (s, 2H, 3,3’-H), 7.65-7.59 (m, 14H, PPN + 5,5’-H), 7.51-7.40 (m, 48H, PPN). 
19F NMR (CD2Cl2): -65.48 (s, 6F, CF3), -134.54 (dd, 12F, o-F), -135.00 (dd, 12F, 

o-F), -161.57 (t, 6F, p-F), -162.03 (t, 6F, p-F), -167.01 (td, 12F, m-F), -167.29 (td, 

12F, m-F). 11B NMR (CD2Cl2): -14.09.  IR (cm-1, CN stretches) 2171, 2216. Anal. 

Calcd for C160H66F66N8P4Ru: C, 53.05; H, 1.84; N, 3.09. Found: C, 51.69; H, 2.09; 

N, 2.76.

Electrochemical Measurements

Cyclic voltammagrams were taken in a nitrogen-filled glovebox with a Gamry 

Reference 600 potentiostat in a standard 3-electrode cell containing a 3 mm diameter 

glassy carbon working electrode, a 0.01 M Ag+/0 in 0.1 M TBAPF6/MeCN 

quasireference electrode, and a platinum wire counter electrode and compensated for 

85% of the measured uncompensated resistance (Ru) value.
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Diffusion coefficients were calculated from linear fits of plots of the peak current 

versus the square root of the scan rate using the Randles-Sevcik equation (Equation 

S1),36 where ip (A) is the peak current, n is the number of electrons transferred (1), F 

(C mol-1) is the Faraday constant, C (mol cm-1) is the bulk concentration of analyte, 
-1) is the scan rate, DO (cm2 s-1) is the diffusion coefficient of the oxidized 

analyte, R (J mol-1 K-1) is the ideal gas constant, and T (K) is the temperature.

= 0.446
/

 (S1)

The heterogeneous electron transfer rate constant (k0) for the CF3bpy0/·- couple of 

PPN2Ru(CF3bpy)(CN -BCF)4 was determined using Nicholson’s kinetic parameter 
37 along wi 38 (Equations S2 and S3). 

=
/

(S2)

=
.06288 + .0021

1 0.017
(S3)

-to-peak separation.  For sufficiently fast scan rates with respect to 

where -1/2 become linear, and k0 may be calculated 

from the slope.  For the other electrochemical couples observed, 

the scan rates used, and would have required very high (> 3 V/s) scan rates for this 

analysis.

Photophysical Measurements

Steady-state and time-resolved spectroscopic measurements were carried out in the 

Beckman Institute Laser Resource Center (California Institute of Technology) using 

methods described previously.39
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PL) were measured by comparison of deaerated, optically dilute 

solutions of the molecule of interest to [Ru(bpy)3](PF6)2 in aerated and deaerated 

PL = 0.018 for aerated solutions and 0.095 for aerated solutions40) according 

to Equation S4.41

= (S4)

Subscript “ref” refers to the reference solutions, A are the absorbances at the exciting 

wavelength (450 nm for all measurements), I are the integrated emission intensities, 

and are the refractive indices of the solvents used.  Absorption measurements were 

taken before and after emission spectra to ensure there was no photodecomposition.  

Emission spectra were taken twice with different integration times to ensure there 

were no significant differences.

The resulting luminescence decay traces were fitted as an exponential decay to 

determine the excited state lifetimes ( ). 
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Supporting Data

Figure S1: Randles-Sevcik plot for PPN2Ru(CF3bpy)(CN)4; D = 5.7 x 
10-6 cm2 s-1.

Figure S2: Variable scan rate cyclic voltammagrams for 
PPN2Ru(CF3bpy)(CN)4. 33 mM PPN2 Ru(CF3bpy)(CN)4 in 0.2 M 
Bu4NPF6-supported acetonitrile. Working electrode: glassy carbon. 
Counter electrode: Pt wire.
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Figure S3: Randles-Sevcik plot for 
PPN2Ru(CF3bpy)(CN-BCF)4; D = 7.4 x 10-6 cm2 s-1 (top), 
2.4 x 10-6 cm2 s-1 (bottom).

Figure S4: Variable scan rate cyclic voltammetry of 
PPN2Ru(CF3bpy)(CN-BCF)4. . 2.3 mM PPN2

Ru(CF3bpy)(CN-BCF)4 in 0.2 M Bu4NPF6-supported 
acetonitrile. Working electrode: glassy carbon. Counter 
electrode: Pt wire.
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Figure S5: Nicholson analysis of the CF3bpy0/·- couple of 
PPN2Ru(CF3bpy)(CN-BCF)4, with a slope of k0.

Figure S6: Steady-state emission spectrum of aqueous 
K2Ru(CF3bpy)(CN)4 excited at 400 nm.
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Table S1: Measurement of quantum yield for 
PPN2Ru(CF3bpy)(CN-BCF)4.

Sample A450 I ref sample wrt

Aerated 

[Ru(bpy)3]2+ 1

0.0747 8.30 x105 0.018 0.132 

Deaerated 

[Ru(bpy)3]2+ 1

0.1043 5.08 x106 0.095 0.159

Sample 1 0.0467 3.79 x106 - - 

Aerated 

[Ru(bpy)3]2+ 2

0.0743 1.10 x106 0.018 0.131 

Deaerated 

[Ru(bpy)3]2+ 2

0.0961 6.43 x106 0.095 0.153 

Sample 2 0.0464 5.00 x106 - - 

0.144 average

Figure S7: Left, time-resolved luminescence data for 
PPN2Ru(CF3bpy)(CN-BCF)4. Right, linear fit to 
determine lifetime.  The slope of the fit is the inverse of 
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Figure S8: Dilution series for molar absorptivity of 
[Ru(CF3bpy)(CN)4]2- (K salt in water, PPN salt in MeCN) 
and linear fits.  All measurements in 5 mm cuvette.  
Extinction coefficients are 332 = 3660 M-1cm-1, 443 =
3170 M-1cm-1 in water and 414 = 6190 M-1cm-1, 589 =
3770 M-1cm-1 in MeCN.
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Figure S9: Dilution series for molar absorptivity of 
PPN2Ru(CF3bpy)(CN-BCF)4 and linear fits.  All 
measurements in 5 mm cuvette.  Extinction coefficients 
are 315 = 1460 M-1cm-1, 395 = 958 M-1cm-1, 410 = 1020 
M-1cm-1 in DCM and 320 = 3860 M-1cm-1, 393 = 4440 M-

1cm-1 in MeCN.
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Figure S10: 19F NMR spectrum of 
PPN2Ru(CF3bpy)(CN)4 in CD2Cl2.
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Figure S11: 1H NMR spectrum of 
PPN2Ru(CF3bpy)(CN)4 in CD2Cl2.  Peaks upfield of 3 
ppm are attributable to water, trace solvents, and silicone 
grease.
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Figure S12: 11B NMR spectrum of PPN2Ru(CF3bpy)(CN-
BCF)4 in CD2Cl2 acquired in a quartz NMR tube.
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Figure S13: 19F NMR spectrum of PPN2Ru(CF3bpy)(CN-
BCF)4 in CD2Cl2 with insets showing detail of BCF 
peaks.
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Figure S14: 1H NMR spectrum of PPN2Ru(CF3bpy)(CN-
BCF)4 in CD2Cl2. Peaks upfield of 2 ppm are attributable 
to water, pentane, and silicone grease.


