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The unprotonated and protonated monoreduced forms of the polyazaaromatic Ru(II) coordination complexes
[Ru(tap)3]

2þ and [Ru(tap)2(phen)]
2þ (tap = 1,4,5,8-tetraazaphenanthrene ; phen = 1,10-phenanthroline), that is,

[Ru(tap)3]
•þ, [Ru(tap)2(phen)]

•þ, [Ru(tap)2(tap-H)]
•2þ, and [Ru(tap)(tap-H)(phen)]•2þ, were studied by Density

Functional Theory (DFT). The electron spin density of these radical cations, the isotropic Fermi-contact, and the
anisotropic dipolar contributions to the hyperfine coupling constants of the H nuclei were calculated in vacuo and using
a continuum model for water solvation. For [Ru(tap)2(phen)]

•þ, as well as for its protonated form, the DFT results
show that the unpaired electron is not localized on the phen ligand. For both [Ru(tap)3]

•þ and [Ru(tap)2(phen)]
•þ,

they reveal high electron spin density in the vicinity of tap H-2 and tap H-7 (the H atoms in the ortho position of the tap
non-chelating N atoms). These results are in full agreement with recent steady-state 1H photo-Chemically Induced
Dynamic Nuclear Polarization (photo-CIDNP) measurements. The DFT calculations performed for the protonated
species also predict major 1H photo-CIDNP enhancements at these positions. Interestingly, they indicate significantly
different polarization for tap H-9,10, suggesting that the occurrence of a photoinduced electron transfer with
protonation of the reduced species might be detected by high-precision photo-CIDNP experiments.

Introduction

[Ru(tap)3]
2þ and [Ru(tap)2(phen)]

2þ (tap = 1,4,5,8-tetra-
azaphenanthrene ; phen = 1,10-phenanthroline) (Chart 1)
are known to photo-oxidize biomolecules such as the purine
nucleobase guanine and the amino acids tyrosine and trypto-
phan.1-3 It has also been demonstrated that these photo-
oxidizing tap Ru(II) complexes give rise to the formation of
covalent photoadducts1,4 and, therefore, they are presently
developed as potential photoactive drugs in gene therapy.5,6

Recently, some of us showed that the photoreaction of [Ru-
(tap)3]

2þ and [Ru(tap)2(phen)]
2þ with guanosine-50-mono-

phosphate (GMP) or N-acetyl-tyrosine (N-Ac-Tyr) give rise
to 1H photo-Chemically Induced Dynamic Nuclear Polari-
zation (photo-CIDNP).7 CIDNP refers to non-Boltzmann
nuclear spin state distributions in the diamagnetic products
of radical reactions and is detected by NMR (Nuclear
Magnetic Resonance) spectroscopy as enhanced absorption
or emission signals.8-10 Photo-CIDNP has been extensively
used toprobe the surface structure of proteins, to studyprotein
folding, and also to investigate recognition processes.8,11-13
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The radical pair mechanism is currently accepted as the most
common origin of CIDNP in solution.14,15 Accordingly,
CIDNP can be observed for the nuclear spins that have a
hyperfine interaction with an unpaired electron in transient
radical pairs. For the systems under study, these radical pairs
arise from the reductive quenching ofmetal-to-ligand charge-
transfer triplet excited states (3MLCT) of the Ru(II) complex
by the biomolecule. Results of steady-state 1Hphoto-CIDNP
experiments showedno 1Hpolarization for the phen ligandof
[Ru(tap)2(phen)]

2þ and, for both [Ru(tap)3]
2þ and [Ru(tap)2-

(phen)]2þ complexes, a significant 1H polarization enhance-
ment for the H in the ortho position of the tap non-chelating
N atoms (tap H-2 and H-7).7 Straightforward interpretation
of these results lead to the following conclusions: (i) in the
monoreduced complex of [Ru(tap)2(phen)]

2þ, the unpaired
electron is not localized on the phen ligand and (ii) themono-
reduced complex of both [Ru(tap)3]

2þ and [Ru(tap)2(phen)]
2þ

is characterized by a high unpaired electron density in the
vicinity of positions 2 and 7 of the tap ligands. However, the
magnitude of steady-state photo-CIDNP enhancements de-
pends in an intricate way on various processes, among which
paramagnetic relaxation,7-10 and the interpretation of the
experimental results must still be confirmed. Furthermore, it
remains an open question whether or not a proton transfer at
the level of a tap non-chelating N atom can accompany the
electron transfer and affect the 1H polarization pattern of the
complexes. Therefore, Density Functional Theory (DFT)
calculations were carried out for the unprotonated form of
the monoreducedRu(II) complexes, that is, [Ru(tap)3]

•þ and
[Ru(tap)2(phen)]

•þ, aswell as for the correspondingprotonated
species, [Ru(tap)2(tap-H)]•2þ and [Ru(tap)(tap-H)(phen)]•2þ.
The electron spin density and the isotropic Fermi-contact
contribution to the hyperfine interactions of the 1H nuclei
were calculated and compared to the observed 1H photo-
CIDNP enhancements.16,17 The anisotropic part of the
hyperfine interactions was also computed and the effect of
1H paramagnetic relaxation is discussed. The impact of the
protonation on the 1H polarization pattern is investigated.

Methods

Themolecular structure andnumbering of theRu(II) com-
plexes [Ru(tap)3]

2þ and [Ru(tap)2(phen)]
2þ andof the ligands

tap and phen are shown in Chart 1. For [Ru(tap)2(tap-H)]•2þ

and [Ru(tap)(tap-H)(phen)]•2þ, one tap ligand was replaced
by a tap-H ligand inwhich one non-chelatingN atom (N-1 or
N-8) is protonated. The unrestricted DFT formalism was
used for all the systems. This includes the spin polarization
effects that have been shown to be important to describe
correctly the isotropic hyperfine coupling constants.18 All
calculations were performed using the NWChem computa-
tional chemistry package.19 As a first step, the geometries of
the ground state of the low-spin Ru(II) (4d6 valence config-
uration) complexes were optimized in vacuo using the
B3LYP functional.20,21 The 6-31G* basis set22,23 was used
for the C, N, and H atoms while the “Stuttgart RSC 1997
ECP”24 relativistic effective core potential and associated
basis set was employed to describe the Ru atom. This poten-
tial has been shown to allow an accurate description of the
electronic and bonding properties of Ru complexes.25-30 The
structures obtained for the [Ru(tap)3]

•þ and [Ru(tap)2-
(phen)]•þ complexes display a D3 and C2 symmetry, respec-
tively. By performing geometry optimizations in the C1

symmetry group, we verified that we obtained a higher total
energy for both systems. Cartesian coordinates for all atoms
in optimized structures of [Ru(tap)3]

•þ, [Ru(tap)2(phen)]
•þ,

[Ru(tap)2(tap-H)]•2þ, and [Ru(tap)(tap-H)(phen)]•2þ are
provided in the Supporting Information, Tables 1S-4S.
The same level of theory (B3LYP/6-31G*/Stuttgart) has

been adopted in all further in vacuo energy calculations. The
electron spin density at the location of the H nuclei as well as
the isotropic and anisotropic contributions to the hyperfine
interactions were computed for all the DFT wave functions.
The total electron spin densities were calculated on a three-
dimensional cubic grid with a side length of 20 Å sampled at
150 spacings. The properties of the monoreduced Ru(II)
complexeswere also estimated inwater using theCOnductor-
like Screening MOdel (COSMO).31 These calculations were
performed at the B3LYP/6-31G*/Stuttgart level of theory
using the in vacuo optimized geometries of the complexes.

Chart 1. Structure and Numbering of the Ligands tap (top, left) and
phen (top, right) andof theRu(II)Complexes [Ru(tap)3]

2þ (bottom, left)
and [Ru(tap)2(phen)]

2þ (bottom, right)
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The COSMO model is a continuum solvation model imple-
mented in the NWChem program, which determines the
solvent reaction field self-consistently with the solute charge
distribution described in a quantum mechanical framework.
In this model the water solvent (dielectric constant ε=78.4)
ismimicked by a polarizable continuum surrounding a cavity
having the shape and dimension of the solute molecule.
Interlocking spheres associated with each atom describe the
cavity. For the atomic radii, we used the default values, that
is, van der Waals radii.
Because of the large size of the investigated complexes, our

computations were performed using the 6-31G* basis set for
the C, N, and H atoms which includes a quality double-ζ
augmented with polarization functions. Although larger ba-
sis sets, such as triple-ζ basis sets, have been widely used for
the calculation of hyperfine coupling constants of isolated
atoms, they involve a highly demanding computational time
and, as a consequence, their application is restricted to small
and medium size systems.32,33 For both [Ru(tap)3]

•þ, [Ru-
(tap)2(phen)]

•þ complexes, theFermi-contact contribution to
the hyperfine coupling constant (Aiso) calculated in water
with the medium-size basis 6-31G* have been compared to
the corresponding values obtained using the large triple-ζ
Ahlrichs-VTZ34 basis set. The Supporting Information, Ta-
ble 5S contains the results of the calculations.Weobserve that
the Ahlrichs-VTZ basis set influences the Fermi-contact
terms only slightly (less than 0.14 gauss). The medium-size
basis 6-31G* gives reasonable values of the hyperfine para-
meters, which, as will be shown below, are in agreement with
the experimental results, with moderate computational cost.

Results and Discussion

TheC2v symmetry of the tap ligand implies the equivalence
of tap H-2 and H-7, H-3 and H-6, as well as H-9 and H-10
(Chart 1). Similarly, the symmetry of the phen ligand implies
the equivalence of phen H-2 and H-9, H-3 and H-8, H-4 and
H-7 as well as H-5 and H-6. In the 1H NMR spectrum of
[Ru(tap)3]

2þ, three distinctive signals are observed for the
three pairs tap H-2,7, H-3,6, and H-9,10 indicating that the
three tap ligands are equivalent. For the phen ligand of
[Ru(tap)2(phen)]

2þ, four 1HNMRsignals are detected point-
ing out the equivalence of the H atoms within the pairs phen
H-2,9, H-3,8, H-4,7, and H-5,6. For the tap ligands in
[Ru(tap)2(phen)]

2þ, five 1H NMR signals are observed: tap
H-2, H-7, H-3, H-6 give rise to distinctive signals while the
signals of tap H-9 and H-10 are not resolved, even at high
magnetic field.7 This shows that both tap ligands are analo-
gous, but the equivalence of theHwithin each pair is not pre-
served. Indeed, tap H-2, H-3, and H-10 in [Ru(tap)2(phen)]

2þ

are actually located by the side of the phen ligand while tap
H-6, H-7 and H-9 are by the side of the other tap ligand. As
mentionedabove, 1Hphoto-CIDNPwasobserved for the tap
ligands, but no significant effect has been measured for the
phen ligand of [Ru(tap)2(phen)]

2þ.7 For both [Ru(tap)3]
2þ

and [Ru(tap)2(phen)]
2þ, the major photo-CIDNP enhance-

ments range between 40 and 60% of the equilibrium signal
intensity (measured at 14.1 T and 298 K), and they are
observed for the 1H at positions 2 and 7. The photo-CIDNP
enhancements of the other 1HNMRsignals of the tap ligands
were estimated to be lower than 15%, that is, at least three to

four times weaker than the enhancements observed for tap
H-2 and H-7.
The photo-CIDNP results, for both [Ru(tap)3]

2þ and [Ru-
(tap)2(phen)]

2þ, suggest a polarization pattern corresponding
to a high unpaired electron density in the vicinity of tap H-2
andH-7. Tovisualize this, we first calculated the electron spin
density for the unprotonated and protonated monoreduced
complexes. The results obtained in water for [Ru(tap)3]

•þ,
[Ru(tap)2(phen)]

•þ, [Ru(tap)2(tap-H)]•2þ, and [Ru(tap)(tap-
H)(phen)]•2þ, both protonated at N-1 and N-8, are shown in
Figures 1a-f, respectively. The corresponding results ob-
tained in vacuo are given in the Supporting Information,
Figure 1S. For the unprotonated complexes (Figures 1a and
1b), the spin density is primarily found on the tap ligands and
predominantly on the N atoms, on the tertiary carbon atoms
C-2 and C-7 as well as, to a lesser extent, on the quaternary
carbon atoms C-12 and C-13. Some electron spin density is
also found on the Ru atom as a spin polarization effect. The
electron spin density of the protonated monoreduced com-
plexes (Figures 1c-f) is found to be dramatically different
from the spin density of the corresponding unprotonated
complexes and is primarily localized on the tap-H ligand in
the vicinity of the protonated non-chelating N atom. For
[Ru(tap)2(phen)]

•þ and [Ru(tap)(tap-H)(phen)]•2þ, no sig-
nificant spin density is observed on the phen ligand.
It is noteworthy that ruthenium-complex radicals have

proved difficult to detect by time-resolved EPR (Electron
Paramagnetic Resonance) spectroscopy, and that the experi-
mental hyperfine coupling constants are not available.35-37

However, the Fermi-contact contribution to the hyperfine
coupling constant (Aiso) is directly proportional to the ele-
ctron spindensity at theposition of theHnuclei and therefore
can be used directly as a quantitative theoretical parameter
related to the measured photo-CIDNP enhancement.16,17

Table 1 presents the Aiso values calculated for [Ru(tap)3]
•þ

and [Ru(tap)2(phen)]
•þ in vacuo and in water. The 1HNMR

signals of tapH-9 and tapH-10 in [Ru(tap)2(phen)]
2þ are not

resolved and, therefore, the average values of the 1H Fermi-
contact term are given in parentheses. The calculations in
vacuo and in water give very similar values; the main diffe-
rence appears for tapH-3 of [Ru(tap)2(phen)]

•þwith a change
of sign between the in vacuo and solvent values. For both
complexes, the larger Fermi-contact terms (in absolute value)
are computed for the H nuclei at positions 2 and 7 in
agreement with the major photo-CIDNP enhancements
observed for these atoms.7 The DFT results are also con-
sistent with the detection of weak photo-CIDNP enhance-
ments for tap H-3,6 and H-9,10. For [Ru(tap)2(phen)]

•þ,
negligible Fermi-contact terms are computed for theH nuclei
of the phen ligand for which no 1H photo-CIDNP enhance-
ment was detected.
While the calculated Aiso data are in full agreement with

the reported steady-state 1H photo-CIDNP experimental
results,7 it is worth considering the possible impact of para-
magnetic relaxation. Indeed, steady-state photo-CIDNP en-
hancements are mainly the result of incomplete cancellation
of so-called geminate and escape polarizations.7-10 Geminate
polarizations are carried by the diamagnetic recombination
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products originating from the primary radical pairs (i.e., the
radical pairs generated by the reductive quenching of the
excited complexes); their magnitude depends on the isotropic
Fermi-contact terms (Aiso) as discussed above. Escape polari-
zations, which are opposite in sign, are first carried by the
free radicals originating from dissociation of the primary
radical pairs. Initially, escape polarizations are of the same
magnitude as the geminate polarizations but longitudinal
paramagnetic relaxation brings the nuclear spin state dis-
tribution back to equilibrium. Subsequent radical recombi-
nation, which usually takes place on the microsecond time-

scale or slower, also yields the diamagnetic products, and these
may carry some residual escape polarizations. The extent of
cancellation thus depends on the longitudinal paramagnetic
relaxation during the lifetime of the free radicals (the lifetime
of the free radicals carrying nuclear spin polarizations). The
longitudinal paramagnetic relaxation time depends on the
anisotropic part of the electron-nucleus dipolar interaction
and is inversely proportional to the paramagnetic relaxation
factor (Ax2 þ 3Rh2), where Ax and Rh are the axiality and
rhombicity of the anisotropic part of the hyperfine interaction
tensor, respectively, defined as38Ax=2Azz- (AxxþAyy) and
Rh=Ayy-Axx. Cancellation effects take place if the lifetime
of the polarized free radicals is shorter or not much longer
than the paramagnetic relaxation time of the nuclear spins.
Slow relaxation (a small value of the paramagnetic relaxation
factor), and short lifetime increase the cancellation and lead
to smaller steady-state photo-CIDNP enhancements.
The 1H paramagnetic relaxation factors (Ax2 þ 3Rh2) cal-

culated for [Ru(tap)3]
•þ and [Ru(tap)2(phen)]

•þ are given in
Table 1. The components of the anisotropic hyperfine inter-
action tensors are provided in the Supporting Information,
Table 6S. A significant paramagnetic relaxation factor is
obtained for phen H-2,9 which are the closest phen protons
to a tap ligand. The paramagnetic relaxation factors are found
to be large for all the 1H that show large Fermi-contact terms.
Accordingly, theorderingof thephoto-CIDNPenhancements
predicted by the Aiso values (tap H-2,7 . tap H-3,6 > tap
H-9,10) is not expected to change if cancellation effects occur.
The Aiso values estimated for the tap-H and tap ligands of

the protonated radical species [Ru(tap)2(tap-H)]•2þ and

Figure 1. Electron spin density of the unprotonated and protonated monoreduced Ru(II) complexes in water. (a) [Ru(tap)3]
•þ, (b) [Ru(tap)2(phen)]

•þ,
(c) [Ru(tap)2(tap-H)]•2þ protonated atN-1, (d) [Ru(tap)(tap-H)(phen)]•2þ protonated at N-1, (e) [Ru(tap)2(tap-H)]•2þ protonated at N-8, and (f) [Ru(tap)-
(tap-H)(phen)]•2þ protonated at N-8. Ru, C, N, andH atoms are colored in green, light blue, dark blue, and white, respectively. The electron spin densities
calculated are plotted with constant density contours of þ0.003 (red) and -0.003 (blue). Tap ligands are labeled as A, B, or C in (a) and (b).

Table 1. 1H Fermi-Contact Terms (Aiso in gauss) and Paramagnetic Relaxation
Factors (Ax2 þ 3Rh2 in gauss2) Calculated in Vacuo and in Water for (a)
[Ru(tap)3]

•þ and (b) [Ru(tap)2(phen)]
•þ a

in vacuo in water

Aiso

Ax2 þ
3Rh2 Aiso

Ax2 þ
3Rh2

(a) tap H-2,7 -1.37 7.82 -1.57 9.64
tap H-3,6 -0.28 1.82 -0.18 1.83
tap H-9,10 0.06 0.40 0.06 0.39

(b) tap H-2 -2.04 17.00 -2.36 21.52
tap H-7 -2.00 16.87 -2.36 22.56
tap H-3 -0.17 1.93 0.11 1.75
tap H-6 -0.45 4.80 -0.40 5.31
tap H-9 0.00

(0.07)
0.80 -0.07

(0.07)
0.89

tap H-10 0.13 0.60 0.20 0.57
phen H-2,9 -0.05 2.27 -0.01 2.69
phen H-3,8 -0.07 0.27 -0.01 0.23
phen H-4,7 -0.19 0.41 -0.04 0.13
phen H-5,6 0.01 0.08 0.01 0.06

aThe 1HNMR signals of tapH-9 and tapH-10 in [Ru(tap)2(phen)]
2þ

are not resolved and, therefore, the average value of the 1H Fermi-
contact term is given in parentheses.

(38) Kuprov, I.; Craggs, T. D.; Jackson, S. E.; Hore, P. J. J. Am. Chem.
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[Ru(tap)(tap-H)(phen)]•2þ are reported in Table 2. The values
obtained for theN-1 andN-8protonation of the tap-H ligand
are provided. All corresponding values calculated in vacuo
are given in the Supporting Information, Table 7S. The
results for the phen ligand do not change significantly, and
the Fermi-contact terms remain negligible (not shown). The
Aiso values calculated for the unprotonated tap ligands (tap B
and tap C in Table 2) are now found to be negligible as well;
significant Aiso values are found for the protonated tap-H
ligand only. However, for comparison with photo-CIDNP
results, the Aiso values calculated for the tap and tap-H
ligands must be averaged over equivalent positions in the
diamagnetic unprotonated complex (and over positions giving
unresolved 1H NMR signals) since the polarization is dete-

cted on these species. The major average Aiso values are still
observed for the H nuclei at position 2 and 7. Interestingly,
the average Fermi-contact term calculated for tap H-9,10 is
significantly larger (in absolute value) than the average value
for the H nuclei at position 3 or 6. In contrast, for the
unprotonated monoreduced complexes (Table 1), the aver-
age Fermi-contact term calculated for tap H-9,10 is almost
negligible. This observation suggests that time-resolved
photo-CIDNP measurements, which allow to directly mea-
sure geminate polarizations,9 might provide information on
theprotonation state of these complexes.However, in addition
to the need of a suitable pulsed laser and an adapted experi-
mental setup, such measurements have lower sensitivity
(poorer signal-to-noise ratio) than steady-state experiments

Table 2. 1H Fermi-Contact Terms (Aiso in gauss) Calculated inWater for the tap and tap-H Ligands of the ProtonatedMono-Reduced Complexes [Ru(tap)2(tap-H)]•2þ and
[Ru(tap)(tap-H)(phen)]•2þ a

[Ru(tap)2(tap-H)]•2þ [Ru(tap)(tap-H)(phen)]•2þ

tap-H tap B tap C averageb tap-H tap B averageb

tap H-2 -6.47 -0.01 0.05

-1.17

-6.53 -0.02 -3.27 -1.78
-0.60 0.01 -0.02 -0.56 -0.01 -0.28

tap H-7 -0.63 0.01 -0.02 -0.57 0.05 -0.26 -1.74
-6.45 -0.01 0.05 -6.46 0.01 -3.23

tap H-3 -1.25 0.00 -0.01

-0.22

-1.10 -0.04 -0.57 -0.31
-0.04 0.01 -0.04 -0.09 0.01 -0.04

tap H-6 -0.04 0.00 -0.04 -0.09 -0.01 -0.05 -0.31
-1.21 0.00 -0.01 -1.15 0.00 -0.58

tap H-9 -1.67 0.00 0.00

-0.37

-1.75 0.00 -0.88 -0.56c

-0.51 0.00 0.00 -0.48 0.00 -0.24
tap H-10 -0.53 0.00 0.00 -0.50 0.00 -0.25 -0.56c

-1.69 0.00 0.00 -1.76 0.00 -0.88

tap H* -7.77 -7.70
-7.78 -7.73

aThe values obtained for the N-1 (normal text) and N-8 (italics) protonation of the tap-H ligand are provided. bData averaged according to the
symmetry of the corresponding unprotonated diamagnetic complex observed byNMR spectroscopy. The estimated average values assume identical pKa

for the two non-chelating nitrogen atoms of the tap ligands of [Ru(tap)2(phen)]
•þ. cThe 1HNMR signals of tap H-9 and tap H-10 in [Ru(tap)2(phen)]

2þ

are not resolved.

Table 3. 1H Paramagnetic Relaxation Factors (Ax2 þ 3Rh2, in gauss2) Calculated in Water for the tap and tap-H Ligands of the Protonated Mono-Reduced Complexes
[Ru(tap)2(tap-H)]•2þ and [Ru(tap)(tap-H)(phen)]•2þ a

[Ru(tap)2(tap-H)]•2þ [Ru(tap)(tap-H)(phen)]•2þ

tap-H tap B tap C averageb tap-H tap B averageb

tap H-2 178.08 0.27 0.54

31.35

179.55 0.10 89.83 45.59
2.65 0.41 0.10 2.42 0.27 1.34

tap H-7 2.76 0.40 0.10 2.46 0.53 1.50 45.20
177.43 0.27 0.53 177.40 0.41 88.91

tap H-3 32.63 1.69 12.79

8.65

30.19 0.89 15.54 8.63
1.75 2.60 0.82 1.76 1.68 1.72

tap H-6 1.75 2.53 0.80 1.78 12.63 7.21 11.93
32.03 1.71 12.63 30.79 2.52 16.65

tap H-9 16.77 0.15 0.05

4.40

17.92 0.07 9.00 6.79c

9.08 0.13 0.07 9.01 0.15 4.58
tap H-10 9.02 0.13 0.07 8.99 0.06 4.52 6.80c

17.16 0.15 0.05 18.01 0.13 9.07

tap H* 525.29 530.34
538.51 534.39

aThe values obtained for the N-1 (normal text) and N-8 (italics) protonation of the tap-H ligand are provided. bData averaged according to the
symmetry of the corresponding unprotonated diamagnetic complex observed by NMR spectroscopy. The estimated average values assume fast
protonation-deprotonation equilibriumwith respect to both the radical lifetime and the 1H relaxation rates in the radical as well as identical pKa for the
two non-chelating nitrogen atoms of the tap ligands of [Ru(tap)2(phen)]

•þ. cThe 1HNMR signals of tapH-9 and tap H-10 in [Ru(tap)2(phen)]
2þ are not

resolved.
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and the enhancements of the tap H-3,6 and tap-H-9,10 are
probably too small to be measured with precision. The 1H
paramagnetic relaxation factors calculated for the tap-H and
tap ligands of the protonated monoreduced complexes are
given in Table 3. The corresponding values calculated in
vacuo as well as all the components of the anisotropic
hyperfine interaction tensors are provided in the Supporting
Information, Tables 8S-10S. For the averaging over equiva-
lent positions in the corresponding unprotonated dia-
magnetic complexes, it was assumed that proton exchange
with water molecules is a fast process (i) with respect to the
lifetime of the polarized free radicals (i.e., the various non-
chelating N atoms of the tap ligands undergo multiple
protonation-deprotonation events) and (ii) with respect to
the shortest 1H paramagnetic longitudinal relaxation time. In
Table 3, the paramagnetic relaxation factors are found to be
large for the 1H that show large Fermi-contact terms. Similar
to the trend observed for the Fermi-contact terms, with
respect to the values for tap H-3 and tap H-6, the para-
magnetic relaxation factor for tap H-9,10 is significantly
larger in the protonated radicals than in the corresponding
unprotonated forms. Accordingly, a larger enhancement for
tapH-9,10 is expected in the protonated form. Precise steady-
state photo-CIDNP measurements for tap H-9,10 and tap
H-3,6 might thus prove to be informative with respect to the
protonation state of transient monoreduced Ru(II) com-
plexes comprising of tap ligands.

Conclusion

In conclusion, the present DFT study shows that steady-
state 1H photo-CIDNP enhancements arising from the
photoreaction of Ru(II) complexes agree with the unpaired
electron density in the transient ruthenium-complex radicals.
The calculations predict that the protonation of a tap ligand
in the monoreduced complex should significantly affect the
1Hphoto-CIDNP enhancements of tapH-9,10.Accordingly,
high precision steady-state photo-CIDNP experiments, or
time-resolved measurements if feasible, and comparison of
the enhancements observed for positions 3,6 and 9,10 might
provide information on the photoreaction mechanism. This
result is particularly important in the interpretation of the
photoreactivity of Ru(II) complexes with biomolecules for
which a proton transfer has been proposed.39 In the future,
combined photo-CIDNP experiments and DFT calculations

are expected to offer unprecedented opportunities for char-
acterizing transient monoreduced Ru(II) complexes. The
agreement between the theoretical and experimental results
reported in this work shows that the use of a polarizable
continuum solvation model, such as COSMO, to take into
account the solvent effects is a very good alternative to
explicit solvent representation because the COSMO model
partly includes solute polarization through the polarization
charge of the continuum, leading to qualitatively accurate
values of spin density with lower computational time. How-
ever, it would be worthwhile to extend our study to include
the explicit modeling of the solvent molecules. Indeed, con-
sideration of the hydrogen bonding may be expected to
induce some redistribution of the spin-densities of the mono-
reduced Ru(II) complexes allowing for a more quantitative
treatment of the photoreaction of these complexes.

Acknowledgment. This work was supported by the
Communaut�e Franc-aise de Belgique (ARC) and the F.
R.S.-FNRS (Fonds National de la Recherche Scientifi-
que de Belgique). E.C. is Postdoctoral Researcher at the
FNRS.M.L., E.M., andL.F. thank the F.R.S.-FNRS for
financial support (FRFC 2.4.642.08 and 2.4.519.08). L.F.
thanks the “Regione Autonoma della Sardegna” for
financial support.

Supporting Information Available: List of Cartesian coordi-
nates of optimized DFT structures of [Ru(tap)3]

•þ, [Ru(tap)2-
(tap-H)]•2þ, [Ru(tap)2(phen)]
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•þ and [Ru(tap)(tap-H)-
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