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Abstract: Solvent and temperature dependent paramagnetism is reported for the complex 

[RuII(bpy)2(phendione)](PF6)2 (bpy = 2,2′-bipyridine, phendione = 1,10-phenanthroline-5,6-

dione), 1. Magnetometry, 1H-NMR, EPR and substituent effects confirm that the paramagnetic 

character is localized on the phendione ligand, and arises due to mixing of the MLCT excited 

state with an open shell triplet state on the phendione moiety, a process that is most likely driven 

by aromatization.  The stabilized open shell phendione structure, in which the triplet lies lower in 

energy than the singlet, can then be thermally populated from the ground state of the complex.  

This process is facilitated by admixture of singlet character from the MLCT state.  Paramagnetic 

behavior is absent in the free phendione ligand, and disappears in the presence of Lewis acids 

and in the presence of water due to hydrogen bonding (or hydrate formation at sufficient water 

concentrations).  Control experiments rule out the presence of monoradicals such as semiquinone 

anions. Implications for spin filtering, sensing, and other electronic applications using such 

structures are discussed. 
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Introduction 

Electronic interactions between metal centers and open-shell organic structures present 

intriguing opportunities for applications in spintronics1 and sensing2, and challenges for 

computational chemists seeking to understand the balance of magnetic and redox properties in 

such species.3 A key feature of many of these applications is the ability to control molecular 

magnetic behavior as needed through external stimuli.  In this paper we report a novel example 

of such control arising from a coordination–dependent contribution from an open-shell 

biradicaloid form of the phendione ligand in the complex [RuII(bpy)2(phendione)](PF6)2 (1):  

 Chart 1 

 

The contribution of open shell configurations (Chart 1) to the structure of 1 is most likely 

facilitated by configuration interaction involving higher metal to ligand charge transfer (MLCT) 

excited states, of which structure 2 above is drawn as a general example (there are multiple 

ligand anion sites, and each MLCT state can have a singlet (S) or triplet (T) spin configuration).  

Since the MLCT triplet state is expected to lie below its corresponding singlet state in energy, it 

will mix with the ligand triplet state 3, lowering its energy and thereby providing a thermally 

accessible pathway to paramagnetic behavior in the parent compound.  The thermal population 
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process is formally spin forbidden, but this restriction is lifted by admixture of singlet character 

in the MLCT state (see below for details). 

While coordinated ligands modified by stable open-shell monoradical structures are known and 

well understood4, and stable biradicaloids from purely organic structures with extended 

conjugation have also been reported5-9, complex 1 offers a very unusual case of an open shell, 

two–electron spin system that is observable only upon metal coordination, and one that does not 

require significant extension of conjugation. In the open-shell (3) form, the phendione ring 

system aromatizes, offering some degree of stabilization, but the singlet-triplet (S-T) gap 

expected for the free ligand may still be large.10 The presence of the Ru metal center, however, 

offers a dense excited state manifold (including state 2 which contains a Ru(III) coordination 

site), through which spin-orbit coupling and configuration interaction can stabilize the phendione 

ligand open shell singlet and/or triplet (3). Below we present structural and spectroscopic 

evidence for thermal population of the open shell triplet ligand state 3, made possible by 

configuration interaction with MLCT state 2. This phenomenon has not been reported previously 

for any coordination compound. Such a system provides a window of opportunity to test the 

stability and tunability of 1 and its derivatives for possible spin filtering applications11 or the 

construction of novel sensors.2 

 

Results and Discussion 

A. Magnetic Resonance Measurements.  Temperature dependent 1H NMR and EPR spectra of 

compound 1, shown in Figure 1, confirm that a paramagnetic species is observable in solution 

near room temperature and the paramagnetic behavior appears to increase with increasing 

temperature.  The line broadening in the 1H NMR spectra and the corresponding increase in the 
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 4

EPR signal intensity are reversible, i.e., the process can be cycled through many times with no 

loss of EPR signal or change in the broadening parameter in the NMR spectra.  The complex was 

purified through vapor diffusion recrystallization of ether into MeCN prior to the experiments, 

and no degradation of the sample was ever observed.   

 

Figure 1. Top left: Variable temperature 1H NMR spectra for a 1 mM sample of 1 in d3-acetonitrile collected from 260 K to 340 
K.  Bottom left: 10 mM sample at 298 K shown for reference. Color coded arrows indicate specific phendione protons. All NMR 
spectra are referenced to CD2HCN. Right: Variable temperature EPR spectra for 1 at 1 mM and 10 mM under identical 
conditions. 

 

At 10 mM in dry d3-acetonitrile at room temperature, the 1H-NMR spectrum obtained for 1 is 

the expected diamagnetic pattern (Figure 1, bottom left).  Dilution of this sample to 1 mM shows 

broadening of specific features (see 298 K spectrum), a phenomenon which varied in magnitude 

over the temperature range 260 K to 340 K (Figure 1, left side).  At temperatures below ca. 290 

K, the (color-coded) phendione NMR resonances are sharp, showing the expected diamagnetic 

NMR spectrum. Above room temperature, the phendione resonances almost completely 
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disappear. There are also small downfield shifts of all the bipyridine (bpy) proton resonances 

with increasing temperature.  The magnitude of each bpy proton shift depends on the proximity 

of the particular proton to the phendione ring. Broadening of selected lines as a function of 

proximity strongly suggests that the observed phenomenon is an intrinsic feature of the 

molecular structure of 1, rather than an impurity which would be expected to affect every NMR 

transition equally. 

It is noteworthy that the three phendione peaks begin to broaden at different rates with 

increasing temperature, and these rates should scale with the magnitude of the spin density at 

each position in the open shell triplet state 3. Supporting Information Figure S1 shows the result 

of a density functional theory (DFT) calculation aimed at extracting the spin densities (Table S1) 

for the lowest energy triplet state of geometry optimized structure 3.  It should be noted that the 

energies of such structures are notoriously difficult to obtain due to their open shell nature12, and 

because the transition metal center has a large spin-orbit coupling parameter.13 However, this 

level of calculation is sufficient for qualitative spin density evaluation. 

Figure S1 and Table S1 help to explain the following observations: 1) that there is a small spin 

density contribution from Ru to the ground state electronic structure of 3, 2) that the phendione 

protons marked by red and blue arrows (Figure 1, top) are much more sensitive to paramagnetic 

broadening than those marked green, and 3) that the bpy protons are also affected, but in a minor 

way (small shifts and no broadening). A similar localized broadening effect in the NMR spectra 

of Kekulé organic systems has been attributed to thermal population of a triplet made accessible 

through open-shell ground states, or resonance contributions in the ground state.5-9  

The temperature induced broadening and shifting of the 1H NMR signals (Figure 1, left side) 

directly correlate with an increase in the steady-state X-band EPR signal (Figure 1, right side) of 
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the 1 mM solution of 1 over the same temperature range.  The peak-to-peak width of the EPR 

signal remains unchanged with increasing temperature.  We attribute this signal to access, by 

thermal population, of the open shell ligand triplet state 3.  The EPR spectrum is averaged 

significantly due to fast tumbling in liquid solution.  Because of this averaging, half-field lines or 

dipolar interactions are not directly observable in the spectrum.14 To completely average the 

electron dipole-dipole interaction (D) in a triplet state to zero, the rotational correlation time 

should be approximately 5 times faster that the inverse of the D value.  The D value for the 

MLCT triplet state or the ligand triplet state should be comparable to a typical organic carbonyl 

triplet state, i.e, about 0.1 cm–1, giving a frequency of 3 x 109 s–1, the inverse of which is 3 x 10–

10 s.  To average the dipolar interaction to zero therefore requires a rotational correlation time 5 

times shorter, or 6 x 10–11 s (60 ps).  It is highly unlikely that this complex could rotate at 60 ps 

even in the gas phase, so some remnant of the triplet state spectrum will remain in solution, and 

the exact width and line shape is difficult to predict. 

B. Magnetic Susceptibility.  Results of magnetometry measurements of 1 in the solid state 

confirm the paramagnetic character (Figure 2) of the complex.  The χpara•T vs. T data exhibit a 

straight line with a positive slope (Figure 2A), which is indicative of a large χTIP component.15 

The value of χpara•T tends to zero at low temperatures, supporting the hypothesis of a singlet 

ground state. It is higher than 1.0 because there is a deviation from g = 2.0 due to the presence of 

the metal. A subtraction of the straight line whose slope was calculated from the plot in Figure 

2A was carried out, in order to separate the temperature independent contribution to the value of 

χpara•T.  This process reveals significant curvature at higher temperatures, which is indicative of 

a contribution to the susceptibility from a thermally accessible paramagnetic state (Figure 2B).  

This result is corroborated by the very precise overlap of the normalized magnetometry curve 
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 7

(red line in Figure 2B) with the temperature-dependent solid state EPR signal intensities (blue 

dots in Figure 2B, acquired by double integration of the EPR signals as a function of 

temperature; representative room temperature spectra for a solid state sample of 1 are shown in 

Figure 3. 

 
Figure 2. Magnetic susceptibility (SQUID measurements) plotted as χpara•T vs. T for a solid (powder) sample of 1.  (A) 
Uncorrected χpara•T values; the positive slope component suggests a large χTIP; (B) Normalized χpara•T values following 
subtraction of the straight line from Figure 2A, plotted here with the normalized solid state (neat powder) EPR signal intensity 
(blue dots). 

 

Figure 3.  Room temperature (293 K) steady-state X-band EPR spectra for solid state (powder) samples of 1 collected at a center 
field of 3363.87 G, modulation amplitude of 5 G with (A) 50 G sweep width (B) 500 G sweep width.  The small high field bump 
in B) is temperature independent and is unassigned. Double integration of spectra such as that in A) were used to provide the 
comparison shown in Figure 3B (blue dots) between the SQUID and EPR measurements as a function of temperature. 

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200 250 300 350 400

EPR
SQUID

N
or

m
al

iz
ed

 I
nt

en
si

ty
 (

ar
bi

tr
ar

y)

Temperature (K)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 50 100 150 200 250 300 350 400

χ
p

a
ra

•T
 (

em
u•

K
-1

•m
ol

-1
)

Temperature (K)

(B)(A)

Page 7 of 23 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 8

 

 C. Concentration Effects. There is a pronounced concentration effect on the magnetic resonance 

spectra of complex 1.  For example, at the same temperature, a 10 mM solution of 1 shows a 

sharp 1H NMR spectrum (Figure 1 bottom), compared to the spectrum observed at 1 mM (Figure 

1, left side, central (green) spectrum).  Correspondingly, a weak EPR spectrum is observed for 

complex 1 at high concentrations (> 3 mM), but the spectrum becomes more intense at higher 

dilutions until the spectrometer sensitivity is affected; thereafter the EPR signal decreases in 

intensity with decreasing concentration (Figure 4).  This point is critical: a paramagnetic state 

with one unpaired electron (ruled out further by additional experiments, vide infra) would show 

a monotonic increase in signal intensity with concentration.  At higher concentrations, one- or  

two-electron spin systems will undergo rapid spin lattice relaxation (concentration dependent 

Heisenberg spin exchange), but the two-electron system can also undergo triplet-triplet 

annihilation processes, leading to a decrease in signal intensity.  Both mechanisms can be 

operative in solution EPR spectra of triplet states at these concentrations.16  However, we note 

that only intensities, and not the line widths, are changing in Figure 4A.  This indicates that 

Heisenberg spin exchange between paramagnetic sites cannot be responsible for the observed 

behavior. 

   
Figure 4. Initial EPR spectra of 1: (A) Concentration dependence of the EPR signal intensity, (B) 1 mM CD3CN NMR Sample 
(red) vs. 1 mM CD3CN/0.25% D2O NMR sample (blue). 
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The solid state (neat powder) EPR spectra shown in Figures 3A and 3B show narrow signals 

because the triplet-triplet interactions are very strong in close contact and this will lead to 

significant and fast electron spin relaxation.  The solid-state spectrum in Figure 3A also has a 

very anisotropic line shape, typical for powder pattern triplets in polycrystalline samples.17 

D. Solvent Effects. Running the 1H NMR experiment in dimethyl sulfoxide-d6 (DMSO) also 

showed broadening of the phendione protons, which remained even at higher concentrations (10 

mM) (Figure 5).    

 

  Figure 5. 1H-NMR spectrum of 1, 10 mM in d6-DMSO. 

This solvent effect is most likely due to the increased viscosity of DMSO over MeCN (a factor 

of 5 more viscous than MeCN18), which will lead to an increase in the spin lattice relaxation time 

of the triplet (slower tumbling) and a decrease in the triplet-triplet annihilation rate due to 

decreased collisional frequencies. Addition of a Lewis acid (anhydrous ZnCl2) also sharpens the 

NMR spectrum (Figure 6), because of stabilization of the ground state phendione structure. 
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 10

Figure 6. 1H-NMR spectra of aromatic region of 1 collected at 1 mM in CD3CN (top) and with 50 mM anhydrous ZnCl2 in 
CD3CN (bottom). The color coding of the arrows is the same as that in Figure 1 of the manuscript and represent the selected 
phendione ligand protons. 

 

 Addition of D2O (0.25% by volume) to the 1 mM sample of 1 also produces a sharp NMR 

spectrum.  If the NMR experiment is run in pure D2O at 1 mM in 1, the spectrum appears with 

significant signal shifts, new resonances, and broadening of some peaks (Supporting 

Information, Figure S2).  The effect of water at low concentrations is attributed to hydrogen 

bonding, which stabilizes the ground state of the closed shell phendione structure 1, reducing 

thermal accessibility to 3.  This is supported by the sharper NMR spectrum and a reduced EPR 

signal (e.g., Figure 4B) when water is added. In fact, D2O virtually eliminates the EPR signal and 

H2O reduces it by about half.  The observed isotope effect correlates with that measured 

previously by Singh and Rao,19 who found a KH/KD value of 0.7 for H-bonding of water in 

MeCN. 

E. Hydrate Formation. The change in spectral features at very high water concentrations is 

most likely due to formation of the hydrate 4, which is facilitated by coordination to the metal 

center, as the carbonyl carbons become activated toward nucleophilic substitution.20,21 This is 

supported by optical emission experiments. Complex 1 is very weakly emissive in acetonitrile 
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solution (57 µM) with a λmax of ca. 640 nm and a lifetime of 748 ns. With increasing water 

concentration, the emission gains intensity with a bathochromic shift, while the single 

exponential lifetime decreases (Figure 7).   

 

Consistent with the energy gap law for nonradiative decay,22 the decrease in lifetime is 

consistent with this bathochromic shift which increases vibrational overlap and the rate of non-

radiative decay.  Qualitatively, the increase in intensity is inconsistent with a shorter lifetime, 

since the quantum yield and lifetime are related by φ = kr/τ with kr the radiative decay rate 

constant.   Reaction with water to form 4 breaks the quinoid core conjugation, lowering the 

electron accepting ability of the ligand. This eliminates dione quenching and MLCT emission 

appears.   

 
Figure 7. (A) Emission Spectra at the water concentrations indicated in the legend; (B) lifetime and intensity versus water 
concentration). 
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The hydration chemistry of phendione has been characterized previously by NMR and 

electrochemical methods, but is only observed with N-coordination to metals or a proton, 

activating the dione to nucleophilic attack.20,21,23 The facile quenching observed for 1 is 

attributed to an intramolecular oxidative quenching mechanism, 3(dπ
5
π*bpy

1) → 3(dπ
5
π*dione

1), by 

the dione (an o-benzoquinone mimic), a quenching pathway that is not possible upon hydration 

and formation of 4.   

F. Substituent Effects. To understand electronic effects on the physical properties of 1 in more 

detail, several structural analogs were prepared with ligands more electron withdrawing 

(bis(diethyl [2,2'-bipyridine]-4,4'-dicarboxylate), deeb) and two that were more electron donating 

(bis(4,4'-dimethyl-2,2'-bipyridine), dmb) and bis(4,4',5,5'-tetramethyl-2,2'-bipyridine), tmb): 

 

  
Figure 8. (A) EPR spectra of the indicated [RuII(N-N)2(pd)]2+ complexes at 1mM concentration in MeCN at room temperature. 
(B) VT-EPR spectrum for [RuII(deeb)2pd]2+ at 1 mM in MeCN from 275-350 K. 
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Line broadening in the NMR spectra and intense EPR signals at 1 mM concentration were 

observed for the complex with the more electron-withdrawing deeb ligand, while the electron-

donating dmb and tmb derivatives exhibited sharp NMR spectra under all conditions tested, and 

very weak EPR signals at 1 mM concentration (Figure 8A).  Furthermore, the EPR spectral 

intensities from the deeb derivative showed strong temperature dependence (Figure 8B). The 

observed substituent effects are best understood in terms of the energy level diagram shown in 

Figure 10.  Substituents on the bpy ring system have a large impact on the Ru(III/II) potential (a 

range of 360 mV) but only change the first phendione reduction potential by about 60 mV (Table 

1).  

   Table 1. Experimental redox potentials and emission energies 

N-N 
Ru III/II 

(V vs Ag/Ag+) 
pd/pd·- 

(V vs Ag/Ag+) 
Emission  

(nm) 
tmb 0.948 -0.461 641 
dmb 1.015 -0.453 642 
bpy 1.110 -0.440 645 
deeb 1.305 -0.400 647 

 

 These shifts, particularly on the Ru(III/II) potential, coupled with the spin density trends listed 

in Table 1, show that there is significantly more back-bonding to the bpy-substituents in the deeb 

complex than in the dmb/tmb complexes, which alters the degree of back-bonding to the 

phendione ligand.  In the deeb complex, a more electron-deficient phendione ligand results, 

stabilizing the MLCT state(s) by stabilizing the ligand anion moiety.  This leads to a large 

perturbation of state 3, lowering its energy and increasing its thermal population from 1.  

The more electron-donating dmb/tmb complexes are less back-bonding and draw less electron 

density from the metal center, resulting in a more electron rich phendione.  This condition favors 

the dione form, reducing the overall contribution of the biradicaloid state in the ground state 
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electronic structure, but more importantly destabilizing the MLCT state(s), consistent with the 

reduction in EPR signal intensity for the dmb/tmb complexes, as state 3 is now higher in energy. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 9.  A coarse energy level diagram describing substituent and solvent effects responsible for the paramagnetic behavior 
observed in 1.  The ligand singlet state, while formally a resonance structure of the ground state of 1, is largely unaffected by 
configuration interaction from the MLCT triplet (2).  The ligand triplet state (3) mixes with 2 (the mixing coefficient λ is the 
same in both new (paramagnetic) states thus created).  The lower of these two new states (in red) is populated thermally by the 
ground state, a process that can become symmetry allowed through admixture of singlet character into the MLCT state. Vertical 
arrows to the right of each state describe its variation with solvent, substituent, or degree of mixing (based on substituent effects 
that alter the energy of the "pure" MLCT triplet state (in green and blue text)). 

 

It is instructive at this point to note that there may be substantial spectral overlap of the 

phendione triplet with the MLCT triplet state, a situation that would strongly support the energy 

level diagram and variations put forward in Figure 9, and would also help to explain our 

observed substituent effects.  To the best of our knowledge the triplet energy of phendione has 
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not been measured, but several papers report optical emission from similar complexes,24-27 the 

most relevant of which is that from [Zn(phen)3]2+, at about 700 nm.27  Due to the very low 

impact of the metal on the ligand's electronic properties, this should be very close to the free 

ligand emission wavelength and would almost certainly be assigned to the triplet state.  This 

places the triplet at or near the 3MLCT state of complex 1.  

Although formally the thermal population of the ground state complex 1 into the mixed 

ligand/MLCT state is symmetry forbidden, it is well known from the experimental work of 

McCusker28 and others,29–31 and from DFT calculations,32 that most MLCT states of Ru 

coordination compounds have substantial  singlet character.  This admixture of singlet character 

lifts the forbidden nature of the process. 

 G. Control Experiments. The phendione ligand contains an ortho-quinone core, opening 

the possibility that the paramagnetism observed in samples of 1 is due to the presence of a 

semiquinone-type radical.  The semiquinonate forms of both the free phendione (pd•-) and 

complex 1 (1•-) are known,33  

  

as are several other semiquinonate-containing Ru-phendione complexes.34,35 We have observed, 

by direct electrochemical generation, an unresolved EPR spectrum of 1•-, and a well-resolved 

EPR spectrum of pd•- has been reported.33 Both species present narrower EPR signals, (Figure 

10) than that observed for 1.    
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Figure 10.  Simulated EPR spectra of pd•-

 (black) and 1•- (red) using reported hyperfine values,1 with experimental spectra 
obtained for 1 (green, from Figure 1) and 1•- (blue, using SEEPR () at 5 G modulation included for comparison.  Note the 
narrower spectral width for 1•- (blue) vs. 1 (green). 

 

Figure 10 rules out the participation of either monoradical in this chemistry.  Also, if such 

monoradical species were involved, the EPR signals would increase linearly with concentration 

rather than decrease as observed (Figure 4).  Further confirmation of this result is provided by a 

lack of contact shifts in the NMR spectrum and in the UV/VIS data (vide infra). 

The O,Oʹ-bound monomeric and dimeric complexes (4 and 5) are alternative reported binding 

motifs that could also account for the observed paramagnetism if they were present as impurities 

in these samples.  The EPR spectra of these species have been reported:34,35  Both 4 and 5 are 

characterized by broad featureless EPR signals with g ~ 2.015 with a total spectral width of ca. 

500 G (Supporting Information, Figure S3). We also note that the EPR spectrum of 4 shows a 

linear increase in signal intensity with concentration, whereas 1 shows a decrease (Figure 4). 
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Electronic absorption spectra for 1 and 4 were obtained for comparison (Figure 11).  

 
 

Figure 11.  Electronic Absorption spectra for 1 and 4, overlay of 1 in CH3CN (red) and 4 in CH3CN (blue). 

 

The absorption spectrum for 4 is dominated by a band at 950 nm, attributed to a d(πRu) → 

π*(sqSOMO) MLCT transition.34-37 This band is virtually absent in 1, which is dominated by the 

typical d(πRu) → π*(phendione) bpy-localized MLCT band at ca. 435 nm.38  A key point here is 
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the absence of any significant absorption for 1 at 950 nm, which indicates the absence of a 

semiquinone-containing species.   

Supporting Information Figure S4 shows that the IR spectrum of 1 is dominated by the C=O 

absorption at ca. 1700 cm-1, indicative of the dione moiety.39,40  The spectrum of 4 lacks this 

1700 cm-1 band, and is instead dominated by the typical semiquinone C-O stretch at ca. 1430 cm-

1.34,35  Based on the comparison of EPR, UV/VIS, and IR spectra of 1 and 4, it is clear that the 

O,Oʹ-bound semiquinonate structure 4 cannot be responsible for the observed paramagnetic 

behavior.  Additionally, the 1H-NMR spectrum for 4 shows complete broadening of all of the 

resonances, expected for a radical species with a permanent magnetic moment (data not shown).  

  

Summary and Outlook 

 The detailed experimental investigation into the paramagnetic character of 1 in this report 

strongly supports a contribution from thermally accessible paramagnetic state 3 in the complex 

Ru(bpy)2(phendione)2+. The 1H-NMR results suggest a small paramagnetic contribution to 1 at 

room temperature. The primary NMR broadening effect is localized to the phendione resonances, 

with minor shifts in the bpy proton resonances.  The EPR experiments correlate with the onset of 

broadening in the NMR experiments. Both magnetic resonance datasets show strong temperature 

dependencies, suggesting thermal population of a paramagnetic state.  The presence of an O,Oʹ-

bound semiquinonate species is ruled out through NMR, EPR, and optical spectroscopies and 

their temperature, solvent and concentration dependencies.  The observed paramagnetic character 

also appears to be directly related to metal coordination, which is consistent with the reliance on 

N-coordination in phendione hydration chemistry (electron withdrawing character activates the 

C=O bond for attack).  Stabilization of the ground state closed shell singlet state of 1 by 
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hydrogen bonding of water to the phendione, or coordination of the carbonyls to a Lewis acid 

(Zn2+), suppresses the effect.  These experimental observations suggest that a thermally 

accessible triplet state is a reasonable source for the observed paramagnetic behavior, and that 

two phenomena contribute to the mechanism: 1) mixing of the MLCT exited state with the open 

shell phendione ligand triplet state, lowering its energy toward the ground state of 1, and 2) 

lifting of the spin forbidden nature of the thermal population process by admixture of singlet 

character in the MLCT state itself. To our knowledge, such paramagnetism is a previously 

unreported phenomenon in both the free ligand and in this binding motif (i.e. N,Nʹ-bound 

phendione) involving any other metal center. 

 The presence of a ligand-localized triplet state offers a secondary energy transfer pathway for 

rapid relaxation of the 3MLCT state.  This phenomenon may force a reevaluation of the 

quenching mechanisms observed in a wider class of ruthenium poly(pyridyl) complexes, which 

may lead to a greater insight into the function of many of these complexes as luminescent 

sensors and catalysts.41 For example, the sensitivity of the paramagnetism to substituent effects 

and temperature suggests the possibility of spin filtering applications,11 and the pronounced 

solvent effect may provide new sensing capabilities in non-aqueous environments.  A very 

particular example is that of light switches for DNA sensing applications: the activation or 

deactivation of a paramagnetic resonance contributor due to H-bonding or hydrophobic effects is 

certainly a plausible mechanism for such switching.42 

 Further characterization of the [RuII(L)2(phendione)]2+ series, insight into the origin of 

this behavior through DFT calculations, and understanding the deeper implications of this 

phenomenon towards device characteristics when surface bound, are topics currently under 

investigation. 
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Methods 

 [RuII(bpy)2(phendione)](PF6)2 and [RuII(bpy)2(O,Oʹ-pd)](PF6) were prepared according to 

reported methods.34,38 All solvents were obtained from Fisher and used as received, unless noted 

otherwise. 

Ru
II
(4,4’-dimethylbpy)2Cl2. RuII(4,4’-dimethylbpy)2Cl2 was prepared by the literature procedure 

developed for RuII(bpy)2Cl2.
43 

[Ru
II
(4,4’-dimethylbpy)2(pd)](PF6)2. [RuII(4,4’-dimethylbpy)2(pd)](PF6)2 was prepared by 

reacting RuII(4,4’-dimethylbpy)2Cl2 (200 mg, 0.37 mmol) with 1.2 equivalents of phendione 

(93.6 mg, 0.44 mmol) in thoroughly degassed 1:1 water:ethanol at reflux overnight. If the solvent 

is not degassed the reaction gives multiple products. Yield: 313 mg (87%). 

 [Ru
II
(4,4’,5,5’-tetramethylbpy)2(pd)](PF6)2. [RuII(4,4’,5,5’-tetramethylbpy)2(pd)](PF6)2 

was prepared in the same manner as [RuII(4,4’-dimethylbpy)2(pd)](PF6)2  with similar yield. The 

ligand 4,4’,5,5’-tetramethylbpy was available from previous studies within the lab. 

 [Ru
II
(4,4’-COOEtbpy)2(pd)](PF6)2. [RuII(4,4’-COOEtbpy)2(pd)](PF6)2 was prepared in 

the same manner as [RuII(4,4’-dimethylbpy)2(pd)](PF6)2 with similar yield. The ligand 4,4’-

COOEtbpy was made according to literature procedure.44 

Photophysics. Steady-state and time-resolved emission experiments were performed on an 

Edinburgh FLSP920 spectrometer in quartz cuvettes. The TCSPC measurements were collected 

using an EPL-445 laser with sub-100 ps pulse width.  

 DFT Calculations. Theoretical calculations were carried out by using Density Functional 

Theory (DFT) as implemented in Gaussian09, revision A.02.45 Becke’s three-parameter hybrid 

functional46-49 with the LYP correlation functional50 (B3LYP) was used. For Ru, the LANL2 
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relativistic effective core potential and associated uncontracted basis set was used, in 

combination with the 6-31 g* basis for the ligands (C, N, O, and H). No solvent was included. 

NMR Spectroscopy. 1H NMR spectra were recorded on a Bruker Ultrashield 600 Plus NMR 

spectrometer at 600.13 MHz and referenced to the residual solvent proton resonance of water (δ 

4.79 ppm) or acetonitrile (δ 1.94 ppm).  Variable temperature 1H-NMR spectra were recorded on 

a Bruker 500 NMR spectrometer at 500.13 MHz over the temperature range 260 – 340 K and 

referenced to the residual solvent resonance of acetonitrile (δ 1.94 ppm). 

EPR Spectroscopy.  All EPR spectra were recorded at X-band (9.43 GHz) at room temperature 

(unless noted otherwise) on a JEOL FA-100 continuous-wave spectrometer.  Powder spectra 

were recorded at room temperature on solid samples in quartz sample tubes.  Fluid samples were 

collected on anhydrous CH3CN solutions (0.01 mM – 5 mM) in ca. 1.6 mm OD capillary tubes.  

Dilutions were prepared from a common 5 mM stock; wet samples were prepared by adding DI 

water.  Variable temperature EPR experiments were conducted with a JEOL ES-DVT4 accessory 

over the temperature range 233 – 343 K on a 1 mM sample in a ca. 1.6 mm OD capillary tube.  

All samples were degassed prior to running experiments, either by bubbling with N2 gas or by 

freeze-pump-thaw methods. 

 Magnetometry.  Magnetic susceptibilities were measured on a Quantum Design MPMS-

XL7 SQUID Magnetometer using an applied field of 0.1 T for Curie plots.  Microcrystalline 

samples (ca. 35 mg) were loaded into gelcap/straw sample holders and mounted to the sample 

rod with Kapton tape.  Data from the gelcap samples were corrected for the sample container and 

molecular diamagnetism using Pascal’s constants as a first approximation. 
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