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Abstract 

Diimine metal complexes have significant relevance in the development of photodynamic therapy (PDT) and 

photoactivated chemotherapy (PACT) applications. In particular, complexes of the TAP ligand (1,4,5,8-

tetraazaphenanthrene) are known to lead to photoinduced oxidation of DNA whilst TAP- and triazole-based 

complexes are also known to undergo photochemical ligand release processes relevant to PACT. The 

photophysical and photochemical properties of heteroleptic complexes [Ru(TAP)n(btz)3-n]
2+ (btz = 1,1’-

dibenzyl-4,4’-bi-1,2,3-triazolyl, n = 1 (1), 2 (2)) have been explored. Upon irradiation in acetonitrile 1 displays 

analogous photochemistry to that previously observed for [Ru(bpy)(btz)2]
2+ (bpy = 2,2’-bipyridyl) and 

generates trans-[Ru(TAP)(btz)(NCMe)2]
2+ (5), which has been crystallographically characterised, with the 

observation of the ligand-loss intermediate trans-[Ru(TAP)(2-btz)(1-btz)(NCMe)]2+ (4). Complex 2 displays 

more complicated photochemical behaviour with preferential photorelease of btz to form cis-

[Ru(TAP)2(NCMe)2]
2+ (6) but also competitive photorelease of TAP to form 5. Free TAP is then taken up by 

6 to form [Ru(TAP)3]
2+ (3) with the proportion of 5 and 3 observed to progressively increase during prolonged 

photolysis. Data suggest a complex set of reversible photochemical ligand scrambling processes in which 2 
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and 3 are interconverted. Computational DFT calculations have enabled optimisation of geometries of the pro-

trans 3MCcis states with repelled btz or TAP ligands crucial for the formation of 5 from 1 and 2 respectively, 

lending weight to recent evidence that such 3MCcis states play an important mechanistic role in the rich 

photoreactivity of Ru(II) diimine complexes. 

 

Introduction 

Ruthenium(II) complexes are of significant interest for their exploitation in the treatment of cancer.1-2 Diimine 

complexes of ruthenium(II) can exhibit relatively long-lived triplet metal-to-ligand charge transfer (3MLCT) 

excited states which can sensitise the generation of singlet oxygen and other reactive oxygen species, thereby 

having potential for application in photodynamic therapy (PDT).3-4 Alternatively, complexes can undergo 

photoinduced electron transfer with DNA bases, for example, [Ru(TAP)3]
2+ and [Ru(TAP)2(N^N)]2+ where 

TAP is 1,4,5,8-tetraazaphenanthrene and N^N is a diimine ligand.5-11 Through careful ligand design, 

complexes can also be engineered to make triplet metal centred (3MC) states more thermally accessible from 

photoexcited 3MLCT states which can lead to ligand-release photochemical reactivity and thus potential for 

application in photoactivated chemotherapy (PACT).12-17 For example, the non-toxic complex 

[Ru(bpy)2(dmbpy)]2+ (bpy = 2,2’-bipyridyl; dmbpy = 6,6’-dimethyl-2,2’-bipyridyl) undergoes photorelease of 

the dmbpy ligand in water to yield [Ru(bpy)2(OH2)2]
2+ which has been shown to coordinate DNA and result in 

cell death18 (although the dmbpy ligand itself also exhibits cytotoxicity19). 

We have previously reported the photochemical reactivity of the complexes [Ru(bpy)2(btz)]2+ and 

[Ru(bpy)(btz)2]
2+ (btz = 1,1’-dibenzyl-4,4’-bi-1,2,3-triazolyl).20-22 Both complexes undergo photoejection of 

btz in acetonitrile to form bis-solvent complexes. Whilst [Ru(bpy)2(btz)]2+ forms cis-[Ru(bpy)2(NCMe)2]
2+ the 

alternative heteroleptic complex [Ru(bpy)(btz)2]
2+ undergoes concomitant ligand rearrangement and forms the 

photoproduct trans-[Ru(bpy)(btz)(NCMe)2]
2+ in which the bpy and btz ligands are coplanar. Interestingly, this 

proceeds with observation of the ligand-loss intermediate species trans-[Ru(bpy)(2-btz)(1-btz)(NCMe)]2+ 

which we were able to isolate and crystallographically characterise.22 Computational calculations revealed the 

existence and key role of previously unknown and structurally novel 3MC states which display elongation of 

both Ru-N bonds to one btz ligand (3MCcis) (as opposed to previously identified 3MC states involving two 

mutually trans Ru-N bonds23 (3MCtrans)) with a flattening toward coplanarity of the other two ligands.24-25 Such 



3 

 

a state has since also been identified for [Ru(bpy)3]
2+, the accessibility of which from the 3MLCT state 

suggesting that it will play a key role in temperature-dependent 3MLCT state deactivation and ligand-release 

photochemistry.26-27 

Kirsch-de Mesmaeker and co-workers have previously reported the complexes [Ru(TAP)2(N^N)]2+ where 

N^N is btz or 1-benzyl-4-(pyrid-2-yl)-1,2,3-triazole and also shown these complexes to be photochemically 

reactive, although the products were not identified.28 As [Ru(TAP)3]
2+ and other heteroleptic TAP-containing 

complexes are known to be photochemically reactive29 toward ligand release we reasoned that these triazole-

containing complexes could, in addition to involving formation of intermediate photoproducts, undergo 

competitive photo-release of both TAP and btz. Based on the previous work from our laboratory as well as 

that of the Kirsch-de Mesmaeker group we felt compelled to prepare and investigate the photochemistry of 

[Ru(TAP)2(btz)]2+ in more detail in addition to that of [Ru(TAP)(btz)2]
2+.  

We show here that [Ru(TAP)(btz)2]
2+ undergoes directly analogous photochemical reactivity to its bpy 

analogue with formation of trans-[Ru(TAP)(btz)(NCMe)2]
2+ and proceeds via the observed intermediate 

species trans-[Ru(TAP)(2-btz)(1-btz)(NCMe)]2+. On the other hand, [Ru(TAP)2(btz)]2+ displays complex 

photochemical reactivity: the complex indeed undergoes photo-release of btz to form cis-

[Ru(TAP)2(NCMe)2]
2+ but also forms trans-[Ru(TAP)(btz)(NCMe)2]

2+ suggesting loss of one of the TAP 

ligands. These data therefore lend weight to the wider impact of recently discovered 3MCcis states in the 

photochemistry of ruthenium(II) diimine complexes. Further, since ruthenium(II) complexes bearing TAP 

ligands undergo photoinduced electron transfer processes with nucleic acids and as ligand-release 

photoproducts can show DNA binding properties and resultant cytotoxicity, the development of systems based 

on those described here could lead to novel dual-mode anticancer compounds. 

Results & Discussion 

Synthesis and characterisation. The ligand 1,1’-dibenzyl-4,4’-bi-1,2,3-triazolyl (btz) was prepared as 

described previously.30-31 On attempting to follow literature preparations 32 of 1,4,5,8-tetraazaphenanthrene 

(TAP) we repeatedly encountered rather low and disappointing yields. Noting similar anecdotal problems 

encountered by other groups we report an adapted and detailed 4-step synthetic description that in our hands 

leads to improved yields over those encountered using prior literature descriptions (Experimental Section). 

Briefly, condensation of glyoxal and 4-nitro-1,2-phenylenediamine yields 4-nitroquinoxaline. Amination by 
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reaction with sodium methoxide/hydroxylamine then yields 5-amino-6-nitroquinoxaline which is subsequently 

reduced to 5,6-diaminoquinoxaline by reaction with hydrazine over Pd/C. A final condensation reaction with 

glyoxal then yields TAP, which was purified by extraction and recrystallisation. 

The complex [Ru(TAP)(btz)2](PF6)2 (1) was prepared in a similar manner to that previously reported for 

analogous complexes containing other diimine ligands20, 22, 33 in place of the TAP ligand; briefly, TAP was first 

coordinated to ruthenium by reaction of the ligand with the dimer [Ru(p-cymene)Cl2]2 to yield the intermediate 

[Ru(p-cymene)(TAP)Cl](PF6). This was then combined with two equivalents of btz in an ethanol/water 

mixture and heated to reflux (Scheme 1) resulting in 1 being isolated as a yellow/orange powder. The 1H NMR 

spectrum of 1 reveals a pair of singlet resonances for the triazole ring protons at  8.32 and 8.41 along with 

three resonances for the TAP ligand consistent with the C2 symmetry of the complex. 

 

Scheme 1. Synthesis of [Ru(TAP)(btz)2][(PF6)2] (1). 

Synthesis of the alternative heteroleptic complex [Ru(TAP)2(btz)](PF6)2 (2), previously reported by Kirsch-de 

Mesmaeker,28 proved more problematic. Whilst this previous report details the successful preparation of 2 as 

its nitrate salt through reaction of btz with [Ru(TAP)2(H2O)2]
2+ in anhydrous DMF, our attempts involving 

direct reaction of btz with [Ru(TAP)2Cl2] or [Ru(TAP)2(L)2](PF6)2 (L = acetone, acetonitrile) proved 

unsuccessful, failing to allow coordination of the btz ligand. We therefore developed an alternative route 

involving reaction of TAP with [Ru(p-cymene)(btz)Cl](PF6). This route also led to complications, however; 

analysis of 1H NMR spectra of the crude product reveals signals consistent with the successful formation of 2 

but also resonances for 1 and [Ru(p-cymene)(TAP)Cl]+ indicating ligand scrambling during the reaction 

(Scheme 2). Whilst we found that we were not able to avoid this, conditions were found after some optimisation 

that enabled 1 and 2 to be separated by using a long, narrow chromatography column (SiO2, 10:1:1 MeCN/sat. 

aq. KNO3/H2O) thus enabling isolation of pure 2 as an orange solid in 6 % yield. The low yield was primarily 

due to 1 being the major product of the reaction. 
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To test the stability of 2 toward thermal ligand scrambling a sample of the complex was heated to reflux in an 

ethanol/water mixture in the dark for 3 days, the solvent removed in vacuo and the residue taken up in d3-

acetonitrile. The recorded 1H NMR spectrum contained no signals for other complexes indicating that ligand 

exchange exclusively occurs early in the synthesis in agreement with the generation of [Ru(p-

cymene)(TAP)Cl]+.  

 

Scheme 2. Reactivity of [Ru(p-cymene)(btz)Cl]+ with TAP during attempted synthesis of 

[Ru(TAP)2(btz)](PF6)2 (2). 

 

The 1H NMR spectrum of 2 in d3-acetonitrile exhibits a single resonance for the triazole ring protons at  8.35. 

The TAP ligands give rise to six resonances with the two protons of the central ring of the ligand appearing as 

a pair of roofed doublets at  8.58 and 8.62 (JHH = 9.4 Hz). These data are again consistent with the C2 symmetry 

of the dication. 

Electrochemical properties. The electrochemical properties of 1 to 3 were investigated by cyclic voltammetry 

with data presented in Table 1 and voltammograms shown in Figure S7. The complexes each show well 

resolved reversible reduction waves, one for each TAP ligand present in each complex. Each complex also 

exhibits an oxidation process assigned to the Ru(II)/Ru(III) redox couple which is reversible. As would be 

expected, and in agreement with the trend for their bpy analogues,31 increasing the number of TAP ligands 

leads to an anodic shift in the reduction potentials consistent with stabilisation of the TAP-centred LUMO 

from 1 to 3. However, in contrast to their bpy analogues where the oxidation potential is largely invariant, 

increasing TAP content from 1 to 3 also leads to an anodic shift consistent with stabilisation of the d-orbital 
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centred HOMO.34 The magnitude of this shift in the potential of the oxidation process with increasing TAP 

content in fact exceeds that of the reduction process indicating, again in contrast to the bpy-based series, an 

increasing HOMO-LUMO energy gap. 

Table 1. Electrochemical properties of complexes 1 to 3. Oxidation and reduction potentials are quoted versus 

the Fc/Fc+ couple (E = 0 V).  

Complex Eox / V (Ea,c / mV)  Ered / V (Ea,c / mV) 

1 +1.20 (75)  -1.31 (73)   

      

2 +1.45 (82) 
 -1.20 (73) -1.40 (73)  

      

3 +1.63 (107) 
 -1.14 (63) -1.28 (68) -1.49 (72) 

 

 

Table 2. Summarised UV-visible absorption and emission spectroscopic data for 1 to 3 recorded in aerated 

acetonitrile solutions (data for degassed solutions in parentheses) at room temperature and at 77 K in a 4:1 

ethanol/methanol glass. 

Complex Absorption 

 / nm ( / dm3 mol-1 cm-1) 

 em
max / nm  / %  / ns x10-4 kr / s

-1 x10-7 knr / s
-1 

1 277 (35200), 306 sh 

(16040), 421 (8740), 463 

sh (7320) 

 

RT 651 0.14 

(0.15) 

35 

(40) 

4.00 (3.75) 2.85 (2.50) 

 77 K 594, 640     

2 273 (48400), 296 sh 

(27300), 376 (7890), 455 

(11600) 

 

RT 619 0.16 

(0.19) 

29 

(31) 

5.52 (6.13) 3.44 (3.22) 

 77 K 583, 628     

3 276 (62900), 290 (45900), 

309 sh (29300), 408 

(17000), 436 (16400) 

RT 586 0.38 

(0.48) 

48 

(48) 

7.92 (10.0) 2.08 (2.07) 

 77 K 560, 604     

 

 

Figure 1. UV-visible absorption spectra of complexes 1 to 3 in acetonitrile. 
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Photophysical properties. UV-visible absorption spectra were recorded for 1 to 3 in acetonitrile solution which 

are presented in Figure 1 with summarised data provided in Table 2. The absorption spectrum of 2 closely 

matches that of the previously reported nitrate salt.28 All complexes display a sharp band at 273 to 277 nm 

which diminishes in intensity from 3 to 1 as the number of TAP ligands reduces and is therefore assigned in 

each case as arising from transitions of TAP →* ligand-centred character. For 1 and 2 these bands appear 

to be superimposed on a broad absorption extending to ~340 nm, common to spectra of [Ru(btz)3]
2+ 31, 35 and 

assigned as arising from btz ligand-centred and btz-localised 1MLCT transitions. Bands at wavelengths longer 

than 400 nm are evident which decrease in intensity with reduced number of TAP ligands and are assigned to 

TAP-localised 1MLCT transitions. A weak tail to these bands extends beyond 500 nm and is ascribed to 

contributions from spin-forbidden direct excitation to 3MLCT states. 

Complexes 1 and 2 are emissive in acetonitrile solutions at room temperature (Figure 2, Table 2), with 2 

displaying a near identical emission maximum (λem = 619 nm) to the previously reported nitrate salt (λem = 612 

nm).28 In contrast, the bpy analogue of 2 is only weakly emissive whilst emission is not observed for the bpy 

analogue of 1 under these conditions.31 This stems from the fact that the TAP centred LUMOs in these 

complexes lie at lower energies that those of their bpy-containing counterparts, thus yielding 3MLCT states 

that are stabilised with respect to 3MC states thereby reducing thermal population of the latter from the former. 

Complex 3 is also moderately luminescent in aerated acetonitrile solution (Figure 2, Table 2), displaying an 

emission maximum that is slightly blue-shifted relative to that which has been previously measured (λem = 604 

nm).28 Interestingly, 1 to 3 display inverted photophysical behaviour compared to the analogous bpy-

containing series with increasing btz content leading to a red-shift in emission maxima. The blue-shift in the 

bpy-containing series with increasing btz content stems from destabilisation of the bpy-centred LUMO due to 

increased electron density at the metal as the number of -accepting bpy ligands reduces. Here, the additional 

and more significant stabilising influence of increased TAP ligand content on the energy of the ruthenium d-

orbital dominated HOMO (in the bpy-based series the energy of the HOMO is largely unaffected by the ligand 

set31) as evidenced in the electrochemical data leads to blue-shifted emission for 3 compared to 2, and in turn 

1. Emission spectra recorded at 77 K in frozen glass matrices (Figure 2 bottom) follow the same trend but with 

blue-shifted maxima due to rigidochromic effects and structuring of emission bands with the appearance of 

vibronic progressions. 
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Excited state lifetimes were determined by time-correlated single photon counting. In agreement with 

previously reported data for 2 as its nitrate salt the complex displays a relatively short lifetime of 29 ns in 

aerated acetonitrile, with that of 3 (48 ns) also being in excellent agreement with prior measurements carried 

out under similar conditions.28 The new complex 1 displays a similar lifetime of 35 ns. In line with these 

relatively short lifetimes the complexes display large non-radiative decay rates, knr, on the order of 107 s-1. In 

their earlier report, Kirsch-de Mesmaeker and co-workers reported short lifetimes for 1 and 3 which increase 

on cooling below 260 K, behaviour consistent with thermal depopulation and quenching of the 3MLCT state 

by 3MC states at room temperature.28, 36 

 

Figure 2.  Photoluminescence spectra for 1 to 3 in acetonitrile solutions at room temperature (top) and at 77 

K in 4:1 ethanol/methanol (bottom). 
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Figure 3. Transient absorption spectra for 1 and 2 in acetonitrile. 

Transient absorption spectroscopy. As complexes 1 to 3 are both photochemically reactive and luminescent, 

we conducted transient absorption spectroscopic experiments on 1 and 2 in acetonitrile. Relevant spectra and 

time-profiles for selected spectral features are depicted in Figure 3. Within a picosecond of excitation transient 

spectra show distinct bleach features that match the ground state 1MLCT absorption bands seen in steady-state 

UV-visible absorption spectra. The appearance of these bleach features are accompanied by excited state 

absorption bands centred at 340 to 350 nm with weaker absorption features beyond 500 nm.  In agreement 

with the luminescence lifetime data, transient absorption spectra reveal excited state species evident up to the 

end of the 3 ns time window of the experiment. These long-lived states (compared to the timescale of the 

experiment) are therefore assigned to the emissive 3MLCT states of 1 and 2. Closer analysis of the transient 

spectra at early times after photoexcitation reveal a rapid evolution with partial decay of initial transient bands 

with a time constant 1 of 9.5 ps for 1 and 11.4 ps for 2, as determined by global analysis. A second process 

for each complex with a time constant 2 of 132 ps for 1 and 1.1 ns for 2 is also discernible. Previous ultrafast 

measurements for 3 show a similar initial rapid process that was attributed to vibrational cooling.11 A further 

decay process with a lifetime of around 700 ps was also reported and attributed to the increased basicity of the 

3MLCT state leading to formation hydrogen bonds with water present in the solvent. It is therefore possible 

that these vibrational cooling and H-bond reorganisation processes are therefore responsible for the shorter 

~10 ps and longer 100-1000 ps processes respectively that are observed for 1 and 2 here. 

Photochemical reactivity. The photochemical reactivity of 1 in d3-acetonitrile was monitored by 1H NMR 

spectroscopy during irradiation with the Hg emission lines from a 23W fluorescent lamp. Spectra recorded 

during photolysis are presented in Figure 4. The complex undergoes directly analogous photochemical 

reactivity to that of its bpy and phen analogues; after just 30 s of irradiation new signals are apparent 

corresponding to the ligand-loss intermediate trans-[Ru(TAP)(2-btz)(1-btz)(NCMe)]2+ (4, Scheme 3) 

including resonances at  5.36 and 5.00 corresponding the benzylic methylene groups of a 1-btz ligand.20, 22, 

33 These are combined with one singlet resonance for both triazole rings of the other btz ligand, whose triazole 

rings are now magnetically equivalent, and three resonances for the TAP ligand. Analysis of the sample by 

electrospray mass spectrometry at this point results in observation of a ruthenium-containing cation with m/z 

480.1460 corresponding to [Ru(TAP)(2-btz)(1-btz)(NCCD3)]
2+ in agreement with the formation of 4. After 
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irradiating for 600 seconds 4 becomes the dominant species. In a much slower second photochemical reaction 

step, the monodentate btz ligand is released with the appearance of signals corresponding to free btz and the 

photoproduct trans-[Ru(TAP)(btz)(NCMe)2]
2+ (5). Electrospray mass spectrometry data at this point clearly 

shows the presence of an ion with m/z 344.0990 corresponding to [Ru(TAP)(btz)(NCCD3)2]
2+ confirming the 

formation of 5. No evidence for competitive photorelease of the TAP ligand is observed. 

 

Figure 4. 1H NMR spectra recorded during the photolysis of 1, 2 and 3 in d3-acetonitrile ( free btz;  trans-

[Ru(TAP)(2-btz)(1-btz)(NCMe)]2+ (4); ◆ trans-[Ru(TAP)(btz)(NCMe)2]
2+ (5); ◼ cis-

[Ru(TAP)2(NCMe)2]
2+ (6);  free TAP; * resonances tentatively assigned to [Ru(TAP)2(

1-btz)(NCMe)]2+ 

(7)). 

 

 

Scheme 3. Photochemical reactivity of 1 in acetonitrile solution. 

At the end of the reaction, a crystal of 5 as its hexafluorophosphate salt was grown and isolated from the sample 

and the structure determined by X-ray crystallography. In agreement with the 1H NMR spectroscopic data and 

our previously reported structures of the bpy and phen analogues the cation exhibits two acetonitrile ligands 



11 

 

arranged trans to one another with coplanar TAP and btz ligands (Figure 5). Ru-N bond distances and angles 

are similar to those reported for analogous trans-[Ru(N^N)(btz)2(NCMe)2]
2+ (N^N = bpy, 1,10-

phenanthroline).22 

 

Figure 5. ORTEP plot of the structure of the dication [Ru(TAP)(btz)(NCMe)2]
2+ (counter ions and hydrogen 

atoms omitted for clarity. Ellipsoids at 50 % probability). Selected bond distances (Å) and angles (°): Ru(1)-

N(1) 2.0580(15); Ru(1)-N(4) 2.0560(15); Ru(1)-N(5) 2.0207(16); Ru(1)-N(6) 2.0267(16); Ru(1)-N(7) 

2.0629(15); Ru(1)-N(10) 2.0827(15); N(1)-Ru(1)-N(4) 80.63(6); N(7)-Ru(1)-N(10) 77.30(6); N(5)-Ru(1)-

N(6) 177.32(6); N(4)-Ru(1)-N(10) 176.44(6); N(1)-Ru(1)-N(7) 179.89(6). (CCDC2094714) 

 

When 2 is irradiated in d3-acetonitrile and examined by 1H NMR spectroscopy relatively slow but complex 

photochemical reactivity is observed (Figure 4, Scheme 4). Within the first minutes of irradiation a set of 

resonances for a new species are observed and identified by 1H-1H COSY spectra which include four coupled 

pairs of doublets characteristic of the protons at the 2-, 3-, 6- and 7-positions of two inequivalent TAP ligands. 

Additional resonances characteristic of the 9- and 10-positions are observed close to the corresponding 

resonances of 2. Also discernible are two singlet resonances at  7.94 and 8.52 that are indicative of a 

desymmetrised btz ligand; additional resonances are also observed for this species which overlap with the 

benzylic methylene signals for 2. At the point at which these signals appear no evidence for free btz is observed. 

After five or so minutes of irradiation further new signals are observed corresponding to the photoproduct cis-

[Ru(TAP)2(NCMe)2]
2+ (6) along with signals for free btz. The presence of two inequivalent TAP ligands and 

a desymmetrised btz ligand are therefore suggestive that the initially formed species is a ligand-loss 

intermediate of the form [Ru(TAP)2(
1-btz)(NCMe)]2+ (7). Consistent with this postulation is the observation 

by electrospray mass spectrometry of a ruthenium-containing cation with m/z 971.18 corresponding to the ion 

pair {[Ru(TAP)2(
1-btz)(NCCD3)][PF6]}

+ (Figure 6).  
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Figure 6. Expanded ESI-MS spectrum showing intermediate 7 as its ion-pair 

{[Ru(TAP)2(btz)(NCCD3)][PF6]}
+. 

 

After much longer irradiation times (~1 day) clearly distinguishable resonances are observed to grow 

corresponding to the formation of trans-[Ru(TAP)(btz)(NCMe)2]
2+ (5) indicating competitive photochemical 

dissociation of a TAP ligand. Mass spectrometry analysis of the sample reveals dications (M2+) and 

monocationic ion pairs {M-PF6}
+ with m/z 833.16 & 344.09 and m/z 699.08 & 277.05 consistent with the 

presence of 5 and 6 respectively as their CD3CN complexes (Figure S8).  

Interestingly, no signals for free TAP can be discerned in the 1H NMR spectra recorded during photolysis, 

however resonances are observed corresponding to the formation of [Ru(TAP)3]
2+ (3) with corroborative ions 

for this species observed by mass spectrometry with m/z 793.05 ({[Ru(TAP)3][PF6]}
+) and 324.04 

([Ru(TAP)3]
2+). This suggests that as TAP is slowly liberated from 2 to form 5 it is quickly taken up by 6 to 

form 3 (Scheme 4). Consistent with this, as signals for 3 grow in intensity those for 6 appear diminished as 

coordination of liberated TAP occurs. Since 3 is itself photochemically reactive in acetonitrile this should be 

a photoreversible process. Spectra continue to evolve as irradiation progresses over a month with increasing 

proportions of 5 and 3 with a lesser proportion of 6. Throughout the period monitored, signals for the starting 

material 2 are always observable suggesting that 6 may also photoliberate acetonitrile and recoordinate btz. 

 In order to test these inferences independent photochemical experiments were carried out on 2 and 3 in the 

presence of added TAP and btz respectively; when a sample containing 2 and TAP in d3-acetonitrile undergoes 

irradiation signals for 3 are observed to appear and grow in intensity as soon as signals for free btz are apparent 

(Figure S9). Conversely, when a sample of 3 with added btz in d3-acetonitrile is irradiated signals 

corresponding to 2 are observed to grow (Figure S9). It is to be noted that when these experiments were 
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repeated in the absence of light, with heating at 60 ℃ over 3 days, no changes were detected by 1H NMR 

spectroscopy. A further independent experiment was carried out in which an isolated sample of 5 in d3-

acetonitrile in the presence of excess TAP was irradiated for 7 days. 1H NMR spectra show signals 

corresponding to the slow formation of 3 accompanied by those indicative of free btz, suggesting that under 

these conditions 5 is capable of undergoing further photochemistry, sequestering uncoordinated TAP and 

potentially providing an additional, minor route to the formation of 3.  Taken together, the data therefore 

suggest a complex set of reversible photochemical processes, a proposed mechanism for which is presented in 

Scheme 4.  

 

 

Scheme 4. Photochemical reactivity of 2 in acetonitrile. 

 

A noteworthy observation arising from the photochemical reactivity of 2 to form 5 is that 2 is likely able to 

access a 3MCcis-type photoreactive excited state in which a TAP ligand resides in the “distal” position prior to 

its release and enables the remaining TAP ligand and btz to become coplanar. No 1H NMR resonances are 

observed that would indicate a ligand-loss intermediate of the form trans-[Ru(2-TAP)(1-
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TAP)(btz)(NCMe)]2+, likely due to the rigidity of the TAP ligand which would promote either rechelation or 

formal release over monodentate intermediate formation.  

The photolysis of 1, 2 and 3 were also monitored by UV-visible absorption spectroscopy in acetonitrile 

solutions (Figure 7). When irradiated with a blue LED (446 nm) clear changes are observed in the shape and 

position of the 1MLCT and 1LC bands. For 1 this occurs through two successive sets of isosbestic points 

consistent with rapid dechelation to form 4 and subsequent ligand release to form 5. For 3 spectra evolve with 

a single set of isosbestic points in agreement with previously reported data.29 It should be noted that, although 

similar, the band shapes for the 1MLCT absorptions at late times for 2 and 3 do in fact differ from each other. 

Whilst both complexes form cis-[Ru(TAP)2(NCMe)2]
2+ this is indicative of the fact that photolysis of 2 also 

results in the additional formation of 5 and 3.  

Photochemical Quantum Yields Photochemical quantum yields were determined for the three complexes 

using the method reported by Slep.37 For 1 photolysis was treated as occurring via two successive 

photochemical steps whereas photolysis of 3 was treated as a simple one-step process. Due to the complexity 

of the photochemistry of 2 this was also treated as a one-step photochemical process and therefore 

approximates to the photochemical consumption of the complex. The value should therefore be treated with 

caution. For 1 the quantum yields for the first and second steps are 0.40 and 0.001 respectively. The very high 

quantum yield for the formation of intermediate 4 reflects the lack of steric impediment to the coplanarisation 

of the bidentate TAP and btz ligands and presumably the highly efficient access to the product singlet potential 

energy surface that this affords through transit via the key 3MCcis photoreactive excited state required for this 

transformation.24 The significantly inferior efficiency for the second step may stem from photochemical 

exchange of the acetonitrile ligand with free solvent predominating over formal loss of the monodentate btz 

ligand. Near identical quantum yields of 0.02 were determined for 2 and 3. 
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Figure 7. UV-visible absorption spectra recorded during photolysis of complexes 1 to 3 in acetonitrile 

Computational calculations.  To provide deeper insight into the photophysical and photochemical properties 

of complexes 1 and 2 we conducted computational density functional theory calculations. The geometries of 

the cations for 1 and 2 were optimised along with 3 for comparison. The benzyl substituents of the btz ligands 

of 1 and 2 were simplified to methyl groups as these will have little impact on the photophysical properties 

and reduces the computational expense.  

The Ru-N bond lengths for 1 to 3 are provided in Table 3 and closely resemble those for similar 

crystallographically characterised ruthenium(II) triazole-containing complexes. In agreement with 

expectations the computed HOMO has primarily ruthenium d-orbital character but with some addition TAP -

contributions, whilst the LUMO is dominated by the * contributions from the TAP ligands (Figure 8). 

Consistent with the experimental electrochemical data the LUMO is progressively stabilised from 1 to 3 as the 

number of electron-withdrawing TAP ligands increases. The HOMO is, however, stabilised to a greater extent 

leading to a larger HOMO-LUMO gap for 3 (3.53 eV) compared to 2 (3.40 eV) and in turn 1 (3.34 eV) 

consistent with both electrochemical and photoluminescence data. This trend is further revealed through 

TDDFT calculations (Figure S13 and Table S1) where the position of the lowest-lying calculated 1MLCT 

transition moves from 540 nm for 1 to 487 nm for 3. 
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Figure 8. Plots of the HOMO and LUMO for complexes 1 to 3 with plots of their respective d* orbitals. 

 

As the complexes are photochemically reactive the Ru-N d* orbitals, whose population is associated with 

photoreactive 3MC states, are also of interest. These exist as a pair of orbitals for each complex, one with a 

large contribution from a dz
2-like hybrid metal-based d-orbital, the other dx

2
-y

2-like (Figure 8). The LUMO-

d* energy gaps for 1, 2 and 3 are 2.88, 2.81 and 2.71 eV respectively, the ordering of which is consistent 

with stabilisation of the d* orbitals and the greater stabilising effect that the TAP ligands impart on the metal-

based d-orbitals compared with the ligand-based * orbitals. 

To gain insight into the photoreactivity of the complexes it is necessary to go beyond consideration of the 

ground state. We have therefore carried out calculations to locate minima for the photoexcited 3MLCT state as 

well as the 3MC states responsible for either ground state recovery or photochemical reactivity.38-39 Minima 

for the 3MLCT states for 1 to 3 were optimised starting from the ground state geometry with a triplet spin 

multiplicity. These lie between 1.93 and 2.21 eV higher in energy than the respective ground states of 1 to 3, 

with the ordering of the energies consistent with the wavelengths of their experimentally observed emission 

maxima. Plots of the isosurfaces (Figure S11) and ruthenium atom spin populations (Table 3) confirm the 

3MLCT character for these states.  
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Multiple minima were located and geometries optimised for 3MC states of 1 to 3. Previous work on the 

computational characterisation of 3MC states of ruthenium tris(diimine) complexes (including [Ru(TAP)3]
2+ 

40 and [Ru(bpy)3]
2+,23, 26-27 as well as btz-containing complexes24 such as [Ru(bpy)(btz)2]

2+ and 

[Ru(bpy)2(btz)]2+) provided structural parameters for initial guess geometries that enable optimisation of 3MC 

states associated with population of a dz
2-like d* orbital. These involve axial elongation of two Ru-N bonds 

situated trans to one another which we therefore call 3MCtrans states. For 3, each of the N-Ru-N axes are 

equivalent leading to only one type of 3MCtrans state. For the heteroleptic complexes 1 and 2 two types of 

3MCtrans state will exist; firstly, axial elongation of two equivalent trans Ru-N bonds involving the two ligands 

of the same identity (i.e. the two btz ligands of 1 or two TAP ligands of 2) will yield an approximately 

“symmetrically” distorted 3MCtrans state which will be referred to subsequently as 3MCtrans,sym. In addition, 1 

and 2 each also exhibit a 3MCtrans state involving an asymmetric axial elongation of two Ru-N bonds, one to 

btz and the other to TAP, which we have termed 3MCtrans,asym.  

Appropriate guess geometries were prepared by elongating the relevant Ru-N bonds of the 3MLCT state 

geometry to approximately 2.5 Å followed by optimisation without geometry constraints with a triplet spin 

multiplicity. Structural parameters for the 3MCtrans,sym and 3MCtrans,asym states of 1 and 2, as well the 3MCtrans 

state of 3 are provided in Table 3. Plots of the isosurfaces for the two singly occupied natural orbitals (the hole 

SONO and particle SONO+1) are provided in Supporting Information (Figure S12) and confirm the dz
2-like 

d* orbital for the latter. For 1 the 3MCtrans,sym and 3MCtrans,asym states are higher in energy by 0.21 and 0.15 eV 

respectively relative to the 3MLCT state whereas for 2 these states are only marginally higher in energy than 

the 3MLCT state by 0.02 and 0.04 eV respectively. On the other hand, the 3MCtrans state of 3 is lower in energy 

than the 3MLCT state by 0.08 eV.  

 

 

 

 

 

 



18 

 

Table 3. Ground state geometries showing N atom numbering for quoted key Ru-N bond length (Å) and angle 

structural parameters for ground, 3MLCT and 3MC states of 1, 2 and 3. Energies for all states (quoted relative 

to their respective ground states) along with Ru atom spin densities are also provided. Theta is defined as the 

N-Ru-N angle for the Ru-N bond lying trans to the Ru-N bonds of the repelled ligand in 3MCcis states. The 

most significantly elongated Ru-N bonds are in bold. 

 

Complex 1  1GS 3MLCT 3MCtra ns,sym 
3MCtrans,asym 3MCcis,btz 

Energy / eV  0.00 1.93 2.14 2.08 2.07 

Ru spin population  0.00 0.99 1.95 1.91 1.77 

       

TAP Ru-N(1) 2.07 2.06 2.08 2.39 2.07 

 Ru-N(2) 2.07 2.07 2.09 2.10 2.12 

btz(1) Ru-N(3) 2.08 2.08 2.52 2.09 2.16 

 Ru-N(4) 2.07 2.07 2.11 2.74 2.08 

btz(2) Ru-N(5) 2.06 2.07 2.09 2.08 2.33 

 Ru-N(6) 2.08 2.07 2.67 2.09 2.59 

N-Ru-N  / °      137.7 
 

Complex 2  1GS 3MLCT 3MCtra ns,sym 
3MCtrans,asym 3MCcis,btz 

3MCcis,TAP 

Energy / eV  0.00 2.07 2.09 2.11 2.18 2.26 

Ru spin population  0.00 0.97 1.89 1.91 1.81 1.77 

        

TAP(1) Ru-N(1) 2.07 2.03 2.46 2.09 2.07 2.53 

 Ru-N(2) 2.07 2.07 2.10 2.09 2.12 2.39 

TAP(2) Ru-N(3) 2.07 2.10 2.12 2.43 2.27 2.08 

 Ru-N(4) 2.08 2.11 2.48 2.12 2.08 2.17 

btz Ru-N(5) 2.08 2.08 2.09 2.10 2.23 2.13 

 Ru-N(6) 2.07 2.04 2.08 2.55 2.65 2.07 

N-Ru-N  / °      126.0 128.9 

        

Complex 3  1GS 3MLCT 3MCtra ns 3MCcis 

Energy / eV  0.00 2.21 2.13 2.28 

Ru spin population  0.00 1.00 1.91 1.78 

      

TAP(1) Ru-N(1) 2.08 2.05 2.48 2.49 

 Ru-N(2) 2.08 2.07 2.11 2.40 

TAP(2) Ru-N(3) 2.08 2.09 2.11 2.07 

 Ru-N(4) 2.08 2.11 2.48 2.19 

TAP(3) Ru-N(5) 2.08 2.10 2.10 2.17 

 Ru-N(6) 2.08 2.08 2.10 2.08 

N-Ru-N  / °     121.8 

 

In our previous computational studies on [Ru(bpy)(btz)2]
2+ and [Ru(bpy)2(btz)]2+ we identified a novel class 

of 3MC state characterised by population of a dx
2

-y
2-like d* orbital resulting in elongation of both Ru-N bonds 
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to one ligand accompanied by a widening of the angle between the planes of the two other ligands.24 This type 

of 3MC state was shown to play a key role in the observed photochemical reactivity of [Ru(bpy)(btz)2]
2+ to 

yield the 16-electron square pyramidal species [Ru(bpy)(2-btz)(1-btz)]2+ which in acetonitrile forms the 

observed btz ligand-loss intermediate trans-[Ru(bpy)(2-btz)(1-btz)(NCMe)]2+. We were subsequently able 

to demonstrate the existence of this type of state for [Ru(bpy)3]
2+ 26 and further showed that this state, with its 

low-lying minimum energy crossing point to the single ground state potential energy surface, will play a key 

role in 3MC state mediated excited state deactivation of this archetypal complex toward ligand-loss 

photoproducts.26-27 Due to the cis arrangement of two elongated Ru-N bonds, states of this type are termed 

3MCcis.  

Using geometric parameters guided by our previous work, initial guess geometries for 3MCcis states were 

prepared in which a btz (3MCcis,btz) or TAP (3MCcis,TAP) ligand is repelled with Ru-N distances of ~2.5 Å whilst 

the angle between the two Ru-N bonds that are trans to those that are elongated, , is widened to 130 to 140 °. 

For 1 only a 3MCcis,btz state could be located (Figure 9, Table 3) with optimisation of the 3MCcis,TAP initial guess 

geometry resulting in formation of a 3MCtrans,asym state. The 3MCcis,btz state of 1 is calculated to be lower than 

both 3MCtrans states and 0.14 eV above the 3MLCT state. For 2 optimised geometries of both 3MCcis,btz and 

3MCcis,TAP were successfully optimised. These states lie some 0.11 and 0.16 eV respectively higher in energy 

than the 3MCtrans,sym state for 2.  

 

Figure 9. Optimised geometries for 3MCcis,btz and 3MCcis,TAP states of 1 and 2 respectively (N-Ru-N angles 

are  quoted in  and Ru-N bond lengths in Å). 

 

Rationalising differences in photochemical reactivity The heteroleptic complexes 1 and 2, whilst both 

releasing btz, show very different photochemical reactivities in acetonitrile. Complex 1 exclusively forms the 

trans photoproduct trans-[Ru(TAP)(btz)(NCMe)2]
2+ (via the intermediate trans-[Ru(TAP)(2-btz)(1-

btz)(NCMe)]2+) whereas 2 initially forms the cis photoproduct cis-[Ru(TAP)2(NCMe)2]
2+. Results from our 
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previous work have suggested that whilst 3MCtrans states may be efficiently populated from the photoexcited 

3MLCT state, they may be more susceptible to reformation of the reactant rather than promoting photochemical 

reactivity.25-27 The alternative 3MCcis, states on the other hand, appear more prone to photochemical reactivity 

by their propensity for ligand-loss.24, 27 The comparable 3MCcis state for [Ru(bpy)(btz)2]
2+ has been previously 

shown to provide a low activation energy route to the pentacoordinate square pyramidal singlet state species 

[Ru(bpy)(2-btz)(1-btz)]2+ with coplanar bpy and 2-btz ligands.  

As the 3MCcis,btz state of 1 is lower in energy than both 3MCtrans,sym and 3MCtrans,asym states this is therefore 

consistent with the observation of the rapid formation of 4 through efficient access to the analogous singlet 

state pentacoordinate species [Ru(TAP)(2-btz)(1-btz)]2+ which will be subsequently trapped through 

coordination by solvent. Thus, the energetically accessible nature of 3MCcis,btz for 1 from the 3MLCT state, the 

fact that it is lower lying than other 3MC states, and the lack of steric impediment to coplanarisation of the 

ligands that remain bidentate is entirely consistent with the facile and efficient photochemical formation of 4 

observed experimentally. As we were unable to locate a 3MCcis,TAP state for 1 (which may be a higher lying 

triplet state above the T1 PES) this is in agreement with the fact that photorelease of TAP and the formation of 

trans-[Ru(btz)2(NCMe)2]
2+ is not observed. 

 For 2 and 3 the 3MCtrans states are lower in energy than the 3MCcis states which may favour to a greater extent 

reactant ground state recovery, and thus quenching of photochemical conversion, accounting for the lower 

photochemical quantum yield compared to 1.  Experimentally, photochemical reaction of 2 in acetonitrile leads 

to formation of cis-[Ru(TAP)2(NCMe)2]
2+ (6) through loss of btz. We note from our recent work on examining 

pro-cis and pro-trans routes on the triplet excited state potential energy surface for [Ru(bpy)3]
2+ that crossing 

between these paths is plausible and that seemingly pro-trans 3MCcis states may participate in cis photoproduct 

formation.27 Thus, the higher energy yet accessible 3MCcis,btz state for 2 may play a crucial role in this initially 

dominant process.  The approach to a coplanar arrangement of the two TAP ligands in 3MCcis,btz would, 

however,  result in a steric clash between H-atoms of the two TAP ligands in their 3- and 6-positions and so it 

is perhaps unsurprising that 3MCcis,btz is destabilised with respect to the 3MCtrans states for 2 and that the 

formation of cis rather than trans photoproducts from btz release is observed. For 3, similar inferences may be 

made regarding the involvement of the 3MCcis,TAP state in the formation of 6. 
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Whilst photolysis of 2 initially forms 6 we also observe formation of trans-[Ru(TAP)(btz)(NCMe)2]
2+ (5) 

through loss of TAP.  Whilst no 1-TAP ligand-loss intermediate is observed, the optimisation of a 3MCcis,TAP 

state for 2 is entirely consistent with the formation of 5 through release of TAP and coplanarisation of the 

retained btz and TAP ligands. The higher energy of 3MCcis,TAP compared to the other 3MC states of 2 may be 

due to the greater rigidity of the repelled TAP ligand compared to btz (in which the C-C bond between triazole 

rings may rotate). This rigidity may hinder formation of an observable 1-TAP intermediate but is nevertheless 

in agreement with the formation of 5 as an initial minor photoproduct from 2 with loss of btz to form 6 being 

the more dominant photochemical process.  

Conclusions 

We have investigated the photophysics and photochemistry of heteroleptic ruthenium(II) complexes 

containing TAP and btz ligands. The photochemistry of [Ru(TAP)(btz)2]
2+ follows the same pathways as 

previously observed for related complexes in ejecting a btz ligand in a process in which the retained bidentate 

ligands become coplanar, forming the product trans-[Ru(TAP)(btz)(NCMe)2]
2+. On the other hand, 

[Ru(TAP)2(btz)]2+ displays complex photochemical behaviour involving competitive photorelease of btz and 

TAP, forming cis-[Ru(TAP)2(NCMe)2]
2+ and trans-[Ru(TAP)(btz)(NCMe)2]

2+ products respectively. 

Computational excited state studies reveal that a 3MCcis state (originally identified as being key to mediating 

the photochemistry of [Ru(bpy)(btz)2]
2+ to form trans-[Ru(bpy)(btz)(NCMe)2]

2+) could be optimised for 

[Ru(TAP)2(btz)]2+ in which both Ru-N bonds to one of the TAP ligands are elongated. The results demonstrate 

that 3MCcis states are not limited or are peculiar to triazole-based ligands and lend further weight to evidence 

for this class of 3MC state playing an important role in the photochemistry of metal complexes with bidentate 

ligands. 

Complexes bearing TAP ligands have been actively investigated for their phototherapeutic potential as a result 

of their photoinduced electron transfer chemistry. The alkyne/azide ‘click’ chemistry used in the synthesis of 

triazole-based ligands is highly amenable to bioconjugation and triazole-based ligands display some unique 

photochemical properties. Heteroleptic complexes containing both these ligand classes therefore present 

opportunities for the further development of complexes as novel multifunctional phototheranostic PDT/PACT 

agents. The biological activity of the reported complexes is currently under investigation and further results 

will be reported elsewhere in due course. 
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Experimental Section 

General Methods 

The ligand btz, 30-31 and the precursor complexes [Ru(p-cymene)Cl2]2,
41 and [Ru(p-cymene)(btz)Cl][PF6]

31 

were prepared according to previously described procedures. Caution: care should be exercised in the 

preparation of triazole-containing compounds utilising organic azides as starting materials as these 

substances are potentially explosive. Minimal C atom to N atom ratios of at least 2.5:1 to 3:1 are recommended 

to mitigate this risk, with the organic azides preferably prepared and utilised in situ where possible. All reagents 

were obtained from Acros Organics, Alfa Aesar, Sigma-Aldrich and Fluorochem and used as received. 

Synthetic manipulations requiring an inert atmosphere were performed under dry N2, employing standard 

Schlenk line techniques. Deaeration of solvent was performed through vigorous bubbling with dry N2 for a 

period of at least 15 minutes.  

NMR spectra were recorded on a Bruker Ascend 400 MHz spectrometer, with all chemical shifts being 

reported in ppm and referenced relative to the residual solvents signal (CHCl3, 
1H: δ 7.26, 13C δ 77.16; MeCN 

1H: δ 1.94, 13C δ 1.32, 118.26; (CH3)2SO 1H: δ 2.50, 13C δ 39.52.). Mass spectra were recorded at high 

resolution on an Agilent 6210 TOF instrument with a dual ESI source or on a Bruker Q-ToF mass spectrometer. 

UV-Visible absorption spectra were recorded on an Agilent Cary-60 spectrophotometer utilising quartz 

cuvettes of 10 mm pathlength. Photoluminescence spectra were recorded on a Horiba Fluoromax-4 

spectrophotometer, utilising quartz cuvettes of 10 mm pathlength. ‘Degassed’ solutions were prepared using 

three repeat freeze-pump-thaw cycles. Photoluminescence quantum yields are quoted relative to 

[Ru(bpy)3][PF6]2 in aerated MeCN ( 0.018),42 with all compounds being excited at a single wavelength of 

common optical density. Quantum yields are thus determined from the ratio of integrated areas under the 

emission bands, with an assumed experimental uncertainty of ±10 %. Luminescence lifetimes were recorded 

using an Edinburgh Instruments Mini-τ equipped with a picosecond diode laser (404 nm, 56 ps). 

Cyclic voltammograms were measured using a PalmSens EmStat3 potentiostat with PSTrace electrochemical 

software. Analyte solutions with a typical concentration of 1.5 mmoldm-3 were prepared using dry MeCN, 

freshly distilled from CaH2. The supporting electrolyte was NBu4PF6, being recrystallised from EtOH and oven 

dried prior to use with a typical solution concentration of 0.2 moldm-3. The working electrode was a glassy 
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carbon disc, Pt wire was used as a counter electrode and the reference electrode was Ag/AgCl, being 

chemically isolated from the analyte solution by an electrolyte-containing bridge tube tipped with a porous 

frit. All potentials are quoted relative to the Fc+/Fc couple as an internal reference. 

Photolysis experiments were carried out by irradiating the appropriate solutions contained within either NMR 

tubes or 10 mm pathlength quartz cuvettes with a blue LED or compact 23 W fluorescent light bulb (Hg), the 

spectral output profiles of which are shown within the ESI, Figure S10. Samples were maintained at room 

temperature (25 °C) throughout the measurements with the aid of a Peltier temperature-controlled cuvette 

holder or an electronic fan (NMR samples). The determination of photochemical quantum yields was 

performed for MeCN solutions of known concentration (2.5 ml volume, 10 mm pathlength cuvette) under 

irradiation with a blue LED excitation source (λ = 442 nm), the photon flux density of which was determined 

to be 1.94 x10-5 einstein s-1 dm-3 through use of an K3Fe(C2O4)3.3H2O chemical actinometer. Calculations were 

performed using GNU Octave software (version 6.2.0), freely available at 

https://www.gnu.org/software/octave/, using the method of Slep and co-workers.37 

Transient absorption. Spectra were recorded using a broadband ultra-fast pump-probe transient absorption 

spectrometer ‘Helios’ (Ultrafast Systems LLC), collecting data over a 3 ns time window with a time resolution 

of approximately 250 fs. A Ti:Sapphire amplifier system (Newport Spectra Physics, Solstice Ace) producing 

800 nm pulses at 1 kHz with 100 fs pulse duration was used to generate the probe beam and to also pump a 

TOPAS Prime OPA with associated NIR-UV-Vis unit to generate the excitation beam. The probe beam 

consisted of a white light continuum generated in a CaF2 crystal. Absorbance changes were monitored between 

330-650 nm. Samples were excited with 0.5 µJ pulses at 285 nm, contained within a 0.2 cm pathlength quartz 

cuvette that was magnetically stirred during the measurements. Before data analysis, pre-excitation data was 

subtracted, and spectral chirp corrected for.  

Single crystal X-Ray diffraction. Crystals of X-ray diffraction quality for 5 were obtained by slow diffusion 

of diisopropylether into the d3-acetonitrile solution resulting from the photolysis of 1. Data were collected at 

150 K on a Bruker D8 Venture diffractometer equipped with a graphite monochromated Mo(Kα) radiation 

source and a cold stream of N2 gas. Solutions were generated by conventional Patterson heavy atom or direct 

methods and refined by full-matrix least-squared on F2 data, using SHELXS-97 and SHELXL software 

https://www.gnu.org/software/octave/
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respectively. 43 Absorption corrections were applied based upon multiple and symmetry-equivalent 

measurements using SADABS.44 One of the hexafluorophosphate counter ions displayed some rotational 

disorder and this was refined over two positions using the PART instruction in the l.s. refinement with the 

disordered fluorine atoms restrained using the SIMU and DELU instructions. Crystallographic data is available 

as supplementary information or can be downloaded from the Cambridge Crystallographic Datacentre 

(CCDC2094714): Crystal data for C32H28F12RuN12P2, M = 971.67, monoclinic, a = 9.194(3) Å, b = 33.765(9) 

Å, c = 12.166(3) Å, β = 94.409(13), V = 3765.3(19) Å3, T = 150 K, space group P21/c, Z = 4, 70356 reflections 

measured, 16458 independent reflections (Rint = 0.0471). The final R1 values were 0.0458 (I > 2σ(I)). The final 

wR(F2) values were 0.0929 (I > 2σ(I)). The final R1 values were 0.0662 (all data). The final wR(F2) = 0.0996 

(all data). The goodness of fit on F2 was 1.065. Largest peak and hole (e Å-3) 0.870/ -1.231.   

Computational details. The geometries of the ground states of complexes 1, 2 and 3 were optimised using 

density functional theory using the B3LYP hybrid functional45-46 as implemented in the Orca 4.2.1 software 

package.47-48 Def2-ECP effective core potential and def2/j auxiliary basis set was used for ruthenium with 

def2-tzvp(-f) basis sets used for all other atoms.49 All calculations were conducted using Grimme’s D3-BJ 

dispersion correction50-51 along with the SMD implicit solvation model (acetonitrile).52 In these DFT 

calculations the resolution-of-identity (RI) approximation for hybrid functionals (as implemented in ORCA) 

was employed to calculate the Coulomb energy term using the Ahlrichs/Weigend Def2-TZV basis as the 

auxiliary basis set and the exchange term by the so-called ‘chain-of-spheres exchange’ (COSX) algorithm. For 

1 and 2 the benzyl substituents were replaced by methyl groups as these will have little impact on the 

photophysical properties and also saves on computational expense. The 3MLCT states of the complexes were 

optimised by unrestricted DFT starting from the ground state geometries whereas 3MCtrans and 3MCcis states 

were optimised from initial guess geometries whose key bond lengths and angles were informed by previous 

data on related complexes.24, 27 Calculated optical absorption spectra were determined by time dependent DFT 

for the first 100 vertical excitations. Molecular orbitals were visualised using the Gabedit software package 

with isosurfaces set to 0.02. 

Syntheses 

Synthesis of 6-Nitroquinoxaline 
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4-Nitro-1,2-phenylenediamine (19.7 g, 129 mmol, 1 equiv) was added to a round bottom flask containing 

EtOH (700 mL). Glyoxal (40 wt.% in water) (29.2 g, 201 mmol, 1.6 equiv) was added and the reaction mixture 

heated to reflux for 2 h. The dark red/brown solution was allowed to cool to r.t. and refrigerated overnight. 

The resulting precipitate was collected by filtration and washed thoroughly with ethanol, yielding a 

golden/orange crystalline solid. Yield = 15.94 g, 91.0 mmol, 71%. 1H NMR (400 MHz, CDCl3): 8.27 (d, J = 

9.2 Hz, 1H), 8.54 (dd, J = 2.4, 9.2 Hz, 1H), 9.01 (m, 3H). 13C NMR (101 MHz, CDCl3): 123.61, 126.13, 

131.50, 142.03, 145.46, 147.19, 147.83, 148.06. HRMS (ES); m/z calc. for C8H6N3O2: 176.0455, found: 

176.0450 (MH+). 

Synthesis of 5-Amino-6-Nitroquinoxaline 

Sodium metal (3.26 g, 142 mmol, excess) was added to MeOH (150 mL) portion-wise, under an N2 

atmosphere. The solution was cooled in ice before the portion-wise addition of a solution of hydroxylamine 

hydrochloride (4.30 g, 61.9 mmol, 1.5 equiv) in MeOH (60 mL) under a stream of N2. The resultant milky-

white coloured suspension was allowed to settle, with the colourless supernatant being transferred by cannula 

to a separate vessel containing a refluxing solution of 6-nitroquinoxaline (7.17 g, 41.0 mmol, 1 equiv) in MeOH 

(200 mL). The reaction mixture was heated to reflux for a further 1.5 h. Upon cooling, a light-brown coloured 

precipitate formed which was collected by filtration. Recrystallisation of the solids from boiling 3:1 (v/v) 

AcOH/H2O (200 mL) yielded the product as a golden crystalline solid. Yield = 4.30 g, 22.6 mmol, 55%. 1H 

NMR (400 MHz, (CD3)2SO): 7.15 (d, J = 9.7 Hz, 1H), 8.27 (d, J = 9.7 Hz, 1H), 8.50 (broad s, 2H), 8.92 (d, J 

= 1.8 Hz, 1H), 9.08 (d, J = 1.8 Hz, 1H). 13C NMR (101 MHz, (CD3)2SO): 114.35, 126.07, 126.10, 134.16, 

143.22, 145.09, 145.83, 148.85. HRMS (ES); m/z calc. for C8H7N4O2: 191.0564, found: 191.0564 (MH+). 

Synthesis of 5,6-diaminoquinoxaline 

5-Amino-6-Nitroquinoxaline (3.21 g, 16.9 mmol, 1 equiv) and 10 % Pd/carbon (0.58 g, 5.45 mmol, 0.32 equiv) 

were added to EtOH (175 mL) and heated to reflux for 1h. The solution was cooled to r.t. and hydrazine hydrate 

solution (35%) (25 g, 175 mmol, excess) then added before returning the reaction mixture to reflux for a further 

80 mins. The dark red solution was filtered hot through a celite pad, with the pad being washed with CH2Cl2 

(100 mL). The combined filtrate was reduced in vacuo to a volume of approximately 20 ml, upon which a red 

precipitate formed. The solids were collected by filtration yielding a red powder. Yield = 1.90 g, 11.9 mmol, 
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70%. 1H NMR (400 MHz, (CD3)2SO): δ 5.16 (broad s, 2H), 5.28 (broad s, 2H), 7.20 (d, J = 8.8 Hz, 1H), 7.26 

(d, J = 8.8 Hz, 1H), 8.50 (d, J = 1.8 Hz, 1H), 8.58 (d, J = 1.8 Hz, 1H). 13C NMR (101 MHz, (CD3)2SO): 116.38, 

121.84, 126.09, 132.45, 133.05, 136.97, 140.15, 141.92. HRMS (ES); m/z calc. for C8H9N4: 161.0822, found: 

161.0825 (MH+). 

Synthesis of 1,4,5,8-tetraazaphenanthrene (TAP) 

5,6-Diaminoquinoxaline (1.70 g, 10.6 mmol, 1 equiv) was added to EtOH (150 mL) and conc. AcOH (6 mL). 

Glyoxal (40 wt.% in water) (1.70 g, 11.7 mmol, 1.1 equiv) was then added and the solution heated to reflux 

overnight. The reaction mixture was cooled to r.t., H2O (50 mL) added and the solution refrigerated for 3 h. A 

small amount of dark coloured solids were removed by filtration, with the organic solvents then removed from 

the filtrate under reduced pressure. The resultant aqueous phase was extracted into CHCl3 (4 x 200 mL) with 

the combined organic layers being washed with H2O (2 x 100 mL) and dried over MgSO4. Evaporation of the 

solvent afforded sandy coloured solids which were recrystallised from boiling iPrOH to yield the product as a 

light brown crystalline powder. Yield = 1.42 g, 7.79 mmol, 73%. 1H NMR (400 MHz, (CD3)2SO): 8.34 (s, 

2H), 9.18 (d, J = 2.0 Hz, 2H), 9.21 (d, J = 2.0 Hz, 2H). 13C NMR (101 MHz, (CD3)2SO): 131.50, 140.19, 

143.46, 145.64, 146.87. HRMS (ES); m/z calc. for C10H7N4: 183.0665, found: 183.0658 (MH+). 

Synthesis of [Ru(TAP)(p-cymene)(Cl)][PF6] 

[Ru(p-cymene)Cl2]2 (200 mg, 0.327 mmol, 1 equiv) and TAP (119 mg, 0.654 mmol, 2 equiv) were added to 

deaerated MeOH (50 mL) and stirred overnight at r.t. in the dark under N2. The solution was passed through a 

celite pad and washed with a small amount of methanol. The volume of the filtrate was reduced in vacuo before 

the addition of NH4PF6 (213 mg, 1.31 mmol, 4 equiv). Et2O (50 mL) was added to ensure complete 

precipitation of the orange-coloured product, which was then collected by filtration, washed with H2O (20 mL) 

and Et2O (30 mL) and dried in vacuo. Yield = 312 mg, 0.522 mmol, 80%. 1H NMR (400 MHz, CD3CN): 1.12 

(d, J = 7.0 Hz, 6H), 2.11 (s, 3H), 2.80 (sept, J = 7.0 Hz, 1H), 5.97 (d, J = 6.4 Hz, 2H), 6.12 (d, J = 6.4 Hz, 2H), 

8.52 (s, 2H), 9.38 (d, J = 2.7 Hz, 2H), 9.68 (d, J = 2.7 Hz, 2H). 13C NMR (101 MHz, CD3CN): 18.63, 22.06, 

31.91, 86.55, 86.82, 103.88, 109.37, 133.48, 140.78, 146.67, 150.52, 150.76. HRMS (ES); m/z calc. for 

RuC20H20N4Cl: 453.0415, found: 453.0403 (M+). 

Synthesis of [Ru(TAP)(btz)2][PF6]2 (1) 
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[Ru(TAP)(p-cymene)(Cl)][PF6] (100 mg, 0.167 mmol, 1 equiv), btz (106 mg, 0.335 mmol, 2 equiv) and NaPF6 

(31 mg, 0.185 mmol, 1.1 equiv) were added to 3:1 (v/v) deaerated EtOH:H2O (40 mL) and heated to 90 °C, 

overnight in the dark under N2. The reaction solution was then cooled to r.t. Upon the addition of H2O (20 mL) 

a precipitate was observed, with the solids being collected by filtration and washed with H2O (20 mL) followed 

by Et2O (30 mL). The collected solids were re-dissolved in the minimum volume of MeCN and refrigerated 

overnight. The cold solution was filtered quickly through a celite pad, with the pad being washed with a small 

volume of cold MeCN. The filtrate was evaporated to dryness and the oily residue recrystallised from 

CH2Cl2/hexane, yielding orange solids which were collected by filtration, washed with Et2O (10 mL) and dried 

in vacuo. Yield = 68 mg, 0.056 mmol, 34%. 1H NMR (400 MHz, CD3CN): 5.41 (s, 4H), 5.62 (s, 4H), 7.10 (m, 

4H), 7.20-7.44 (m, 16H), 8.32 (s, 2H), 8.41 (s, 2H), 8.50 (d, J = 2.8 Hz, 2H), 8.53 (s, 2H), 9.03 (d, J = 2.8 Hz, 

2H). 13C NMR (101 MHz, CD3CN): 56.10, 56.52, 123.88, 124.37, 128.76, 129.19, 129.79, 129.90, 129.96, 

130.04, 133.36, 134.64, 134.80, 141.29, 141.59, 144.70, 145.67, 149.56, 149.91. HRMS (ES); m/z calc. for 

[RuC46H38N16]
2+: 458.1249, found: 458.1253 (M2+). 

Synthesis of [Ru(TAP)2(btz)][PF6]2 (2) 

[Ru(btz)(p-cymene)(Cl)][PF6] (500 mg, 0.683 mmol, 1 equiv), TAP (249 mg, 1.37 mmol, 2 equiv) and NaPF6 

(127 mg, 0.756 mmol, 1.1 equiv) were added to 3:1 (v/v) deaerated EtOH:H2O (60 mL) and heated to 90 °C 

for 3 days, in the dark under N2. The reaction solution was cooled to r.t. and H2O (40 mL) added to give a light 

orange coloured precipitate. The solids were collected by filtration and washed with H2O (20 mL) and Et2O 

(30 mL). The crude solids were re-dissolved in a minimum volume of acetonitrile and purified by column 

chromatography (SiO2, 10:1:1 MeCN/H2O/sat. aq. KNO3), with protection from light. The first band (orange) 

was collected and was found to contain [Ru(TAP)(btz)2]
2+ (183 mg, 0.152 mmol, 22%). The second band 

(orange) was collected and, after counter-ion metathesis with NH4PF6, afforded the desired product as an 

orange powder. Yield = 47 mg, 0.044 mmol, 6%. 1H NMR (400 MHz, CD3CN): 5.39 (d, J = 14.9 Hz, 2H), 

5.45 (d, J = 14.9 Hz, 2H), 7.13 (m, 4H), 7.29-7.38 (m, 6H) 8.35 (s, 2H), 8.36 (d, J = 2.8 Hz, 2H), 8.43 (d, J = 

2.8 Hz, 2H), 8.58 (d, J = 9.4 Hz, 2H), 8.62 (d, J = 9.4 Hz, 2H), 8.94 (d, J = 2.8 Hz, 2H), 9.16 (d, J = 2.8 Hz, 

2H). 13C NMR (101 MHz, CD3CN, 298K): δ 56.52, 124.71, 129.38, 129.94, 129.98, 133.53, 133.66, 134.13, 

141.17, 143.35, 144.00, 145.94, 146.24, 149.52, 149.60, 150.37, 150.57. HRMS (ES); m/z calc. for 

[RuC38H28N14]
2+: 391.0827, found: 391.0831 (M2+). 
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Synthesis of [Ru(TAP)3][PF6]2 (3) 

[Ru(TAP)(p-cymene)(Cl)][PF6] (200 mg, 0.334 mmol, 1 equiv), TAP (122 mg, 0.669 mmol, 2 equiv) and 

NaPF6 (150 mg, 0.893 mmol, excess) were added to 3:1 (v/v) deaerated EtOH:H2O (40 mL) and heated to 90 

°C overnight, in the dark under N2. The reaction solution was cooled to r.t. and H2O (50 mL) then added to 

give a light-orange coloured precipitate. The solids were collected by filtration and washed with water (20 mL) 

and diethyl ether (30 mL). The solids were re-dissolved in a minimum volume of MeCN and purified by 

column chromatography (SiO2, 10:1:1 MeCN/H2O/saturated KNO3), in the dark, with collection of the third 

orange-coloured band. Counter-ion metathesis with NH4PF6 afforded the desired product as an orange-coloured 

powder. Yield = 26 mg, 0.0277 mmol, 8%. 1H NMR (400 MHz, CD3CN): 8.26 (d, J = 2.8 Hz, 6H), 8.63 (s, 

6H), 8.99 (d, J = 2.8 Hz, 6H). 13C NMR (101 MHz, CD3CN): 133.78, 142.73, 146.51, 150.30, 150.49. HRMS 

(ES); m/z calc. for [RuC30H18N12]
2+: 324.0405, found: 324.0402 (M2+). 

Associated Content 

Supporting Information is available free of charge, detailing NMR spectra for [Ru(TAP)(p-cymene)Cl]PF6, 1 

and 2 (Figures S1-S6), additional electrochemical data, additional NMR and mass spectroscopy data recorded 

during the photolysis of 2 and 3, calculated SONO plots and TDDFT spectra for complexes 1-3. 
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A complex set of reversible photochemical ligand scrambling reactions are unravelled for Ru(II) complexes 

containing btz (1,1’-dibenzyl-4,4’-bi-1,2,3-triazolyl) and TAP (1,4,5,8-tetraazaphenanthrene) ligands. 

3MCcis excited states are identified as playing a key mechanistic role in the photochemistry of Ru(II) diimine 

complexes. 


