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Abstract

The absorption spectroscopy of [Ru(phen),dppz]** and [Ru(tap),dppz]** (phen=1,10-phenanthroline, tap=1,4,5,8-tetraazaphenanthrene;
dppz = dipyridophenazine) complexes used as molecular light switches by intercalation in DNA has been analysed by means of Time-Dependent
Density Functional Theory (TD-DFT). The electronic ground state structures have been optimized at the DFT (B3LYP) level of theory. The absorp-
tion spectra are characterized by a high density of excited states between 500 nm and 250 nm. The absorption spectroscopy of [Ru (phen),dppz]**
in vacuum is characterized by metal-to-ligand-charge-transfer (MLCT) transitions corresponding to charge transfer from Ru(Il) either to the phen
ligands or to the dppz ligand with a strong MLCT (dg, — 5,,,) absorption at 411 nm. In contrast, the main feature of the lowest part of the vacuum
theoretical spectrum of [Ru(tap),dppz]** between 522 nm and 400 nm is the presence of various excited states such as MLCT (dg, — Tiap)>
ligand-to-ligand-charge-transfer LLCT (mgyp, — Tip) or intra-ligand IL (7gpp, — ﬂjppz) states. When taking into account solvent corrections
within the polarizable continuum model (PCM) approach (H,0, CH3;CN) the absorption spectrum of [Ru(tap),dppz]** is dominated by a strong
absorption at 388 nm (CH;CN) or 390 nm (H,O) assigned to a 'IL (Tappz —> Trjppz) corresponding to a charge transfer from the outside end of the
dppz ligand to the site of coordination to Ru(II). These differences in the absorption spectra of the two Ru(II) complexes have dramatic effects on
the mechanism of deactivation of these molecules after irradiation at about 400 nm. In particular, the electronic deficiency at the outside end of the
dppz ligand created by absorption to the 'IL state will favour electron transfer from the guanine to the Ru(I) complex when it is intercalated in
DNA.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Increasing attention has been devoted to the design of new
transition metal complexes as potential probes for nucleic acids
since the discovery in 1990 of [Ru(bpy)>(dppz)]>* highly sen-
sitive luminescent reporter of double-helical DNA [1]. The
investigation of photophysical, electrochemical and structural
properties of novel Ru(II) complexes in the presence and absence
of DNA has pointed to their potential as “molecular light
switches” [2,3]. It has been found that the photoluminescence
quantum yields of these complexes are extremely sensitive
to the environment [1-3]. In particular, when DNA is added
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to an aqueous solution of the complexes the yield of emis-
sion increases dramatically. It was proposed that few triplets
metal-to-ligand-charge-transfer (MLCT) dry, — ﬂzppz excited
states give rise to the DNA light switch effect in these systems
[4-6]. Moreover, the luminescent parameters are remarkably
sensitive to the DNA structure and binding modes at interca-
lation [1-3]. The chemical properties of these coordinatively
saturated molecules which are water soluble and inert to sub-
stitution make them excellent compounds as diagnostic and
therapeutic agents [2]. These molecules have also been exploited
in the study of electron transfer between the base pairs of
DNA. As illustrated by a recent review article on ruthenium
polypyridyl chemistry [7] this area of research has opened the
route to a wide range of applications in various fields. Exper-
iments reported on [Ru(tap),dppz]>* and [Ru(phen),dppz]**
have shown that these Ru(Il) complexes strongly bind to dou-
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ble helical DNA being very efficient “molecular light switches”
[4,8—14]. Linear dichroism spectroscopy [8—10], steady-state
as well as time-resolved absorption/emission spectroscopy
and laser flash photolysis experiments [4,11,12] have inves-
tigated the properties of [Ru(tap)>L]** (L=bpy, phen, tap,
dppz) and of [Ru(phen),dppz]** in DNA, in different solvents
(H,0, CH3CN, H,O/CH3CN mixture) and in various double-
stranded synthetic polynucleotides, such as [poly(dA-dT)], and
[poly(dG-dC)],. The first example of reversible DNA light
switch has been recently accomplished for [Ru(byp)»(tpphz)]**
(tpphz =tetrapyrido phenazine) [15]. The experimental spec-
trum of [Ru(phen)zdppz]2+ is characterized by an absorption in
the visible region assigned to a metal-to-ligand-charge-transfer
MLCT transition (Amax =440nm) and to an intraligand IL
transition localized on the dppz chromophore (Apax =372 nm;
£=21800M~! cm’l) [13]. The emission yield is undetectable
in water, but moderate in acetonitrile and increases when the
complex is intercalated to DNA or bound to polynucleotides
[4,11,12]. The efficient quenching of luminescence in water
has been proposed to be due to fast hydrogen bonding of
solvent to the phenazine aza nitrogens of the dppz anion rad-
ical (formed in the MLCT states) [16—18]. Methyl substitution
effects on the radiative and solvent quenching rate constants on
[Ru(phen),dppz]** have been investigated by Olofsson et al.
[19]. When the distant benzene ring of the dppz ligand is sub-
stituted by methyl groups a dramatic increased luminescence
lifetimes and quantum yield in polyol solvents is observed. A
similar effect, but less dramatic is observed when the substi-
tuted complexes are intercalated in DNA. The substitution has no
effect on the position and intensity of the MLCT band at 440 nm,
but the perturbation of the dppz chromophore is significant in the
IL band [19]. Pure enantiomers A and A of [Ru(phen)2dppz]2+
have been synthesized and it has been shown that the A
enantiomer is primarily responsible for the luminescence
enhancement upon DNA binding reported for the racemate [14].
Interestingly, a recent study has shown that the luminescence of
both the A and A forms of the [Ru(phen),dppz]>* is enhanced
not only upon intercalation with DNA but also when the metal
complexes bind to single stranded oligonucleotides [20].

The behaviour of the tap substituted complexes is character-
ized by the presence of excited states able to oxidise guanine.

[Ru(tap),(L)]*™ + G — [Ru(tap),(L)]" + G** (D

This photo-induced electron transfer is a key step in the
enhancement of strand breaks and in adducts formation such as
nucleobase and mononucleotide derivatives [11]. UV/vis tran-
sient experiments on [Ru(tap),dppz]** in aqueous buffer or
intercalated in polynucleotides [12] point to the presence of a
shoulder between 400 nm and 500 nm and a strong absorption
at 278 nm. The strong IL band observed in [Ru(phen)>dppz]**
and in the free dppz ligand between 350-400 nm is not visible
in [Ru(tap),dppz]**. In the presence of [poly(dG-dC], the lumi-
nescence of [Ru(tap),dppz]** is quenched and [Ru(tap),dppz]*
is formed within 480 % 40 ps, through electron transfer from the
guanine to the excited state, as evidenced by means of a 400 fs
pulse of 400 nm light by Kelly et al. [12].

Most of the theoretical studies performed until now have
focus either on the structural or binding aspects [21] or
on the nature and position of the low-lying triplet excited
states in order to interpret the emission spectroscopy [22-25].
Structural and binding modes have been studied by means
of force field approaches showing a classical intercalation
for [Ru(phen)zdppz)]2+ [21]. The spectroscopic calculations
reported on [Ru(phen),dppz]** were based essentially on semi-
empirical methods [22,23] and TD-DFT [24,25] studies. It has
been shown that the low-lying MLCT states delocalized over
the three ligands in the free complex slightly red-shifted and
relocalize on the different ligands (phen or dppz) upon bind-
ing to DNA [22]. Recent DFT/TD-DFT analysis have assigned
the experimental band characterized at 440nm to a superpo-
sition of two distinct MLCT features, which arise from two
groups of transitions, one at =450 nm and another at ~415 nm,
which correspond to dry — wﬁppz and dry — Tr;hen’ respec-
tively. The band at =~372nm has been assigned to have a
dominant MLCT character partially mixed with dppz IL [24].
INDO/SCI calculations completed by TD-DFT on a series of
polyazaaromatic Ru(II) complexes have shown that molecules
containing w-extended ligands, such as dppz, are characterized
by luminescence lifetimes largely dependent on temperature
in aprotic solvents. This behaviour has been associated to the
presence of low-lying triplet IL states centred mainly on the
m-extended ligand [23]. Finally, TD-DFT calculations of the
low-lying triplet excited states of [Ru(bpy),dppz]>* without and
with solvent effects point to the presence of low-lying MLCT
(dry — ﬂzpy) states in gas phase which are delocalized within
the dppz ligand when solvent correction is included [25]. This
effect has been attributed to a change in dipole moment of the
molecule. The lowest triplet state has been assigned to a >IL
(Trdppz g Trjppz)'

The aim of the present study is to analyze and rationalise the
absorption/emission spectroscopy in [Ru(phen),dppz)]** and
[Ru(tap)2dppz]>* which are used as DNA intercalators in lumi-
nescence experiments. Our objective is to propose a qualitative
mechanism able to explain the occurrence of competing pro-
cesses under visible irradiation, namely luminescence versus
electron transfer. For this purpose we performed a detailed inves-
tigation of the early stage photophysics (within ~10 ps) of these
two molecules. This is a preliminary step towards the funda-
mental understanding of the light switch effect in this class of
molecules.

2. Computational details

The geometrical structures of [Ru(L)(L)]** complexes
(L=L'=tap; L=phen, L' =dppz; L =tap, L' =dppz) were opti-
mized in vacuum for the closed shell electronic ground state at
the DFT (B3LYP) [26] level within C; symmetry. The following
basis sets and pseudopotentials describing the core electrons of
the metal centre were used: (i) a full double-& D95 basis set (9s,
5p) contracted to [4s,2p] for C and N atoms and (4s) contracted
to [2s] for H atoms [27] combined to Lanl.2DZ effective core
potentials and associated valence basis sets for the Ru atom [28]
(denoted as BSI); (ii) a polarized split valence 6-31G* basis set
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(10s, 4p, 1d) contracted to [3s, 2p, 1d] for C and N atoms and
(4s) contracted to [2s] for H atoms [29] with Wood—-Boring quasi
relativistic MWB pseudopotentials and associated valence basis
sets (8s, 7p, 6d) contracted to [6s, 5p, 3d] for the Ru atom [30]
(denoted as BSII); (iii) a full double-§ D95 basis set (9s, S5p)
contracted to [4s, 2p] for C and N atoms and (4s) contracted to
[2s] for H atoms [27] combined with Wood-Boring quasi rel-
ativistic MWB pseudopotentials and associated valence basis
sets (8s, 7p, 6d) contracted to [6s, 5p, 3d] for the Ru atom [30]
(denoted as BSIII). The second set (BSII) has been used for fur-
ther structural studies as well as for the excited states calculations
of [Ru(tap),dppz]** and [Ru(phen)>dppz]>*.

The theoretical electronic absorption spectra have been
obtained by means of Time Dependent DFT method (TD-DFT)
[31] applied to the optimized geometrical structures of the
electronic ground state for both complexes. The geometries
of the triplet electronic excited states have not been optimized
since we focus here on electronic absorption spectroscopy
and photophysical processes occurring in a short time-scale
(less than 10ps) where nuclear relaxation effects can be
neglected. The choice of the method is governed by the size
of the molecules and our wish to investigate environment
effects in future work. Whereas DFT (B3LYP) is the method
of choice for structures determination of large transition metal
complexes in their electronic ground states [32], the failure of
TD-DFT for long-range CT excited states is well established
and has been discussed in a number of recent articles [33-37].
According to our experience in large transition metal complexes
MLCT states are well described [38—41]. The TD-DFT spec-
tra of [Re(CO)3(2,2'-bipyridine)(z-4-styrylpyridine)]* [38],
[Ru(E)(E")(CO),(iPr-DAB)] (E=E’=SnPh3 or Cl; E'=CH3;
iPr-DAB = N,N'-di-isopropyl-1,4-diaza-1,3-butadiene) [39],
[Ru(X)(Me)(CO),(a-diimine)] (X=Cl, I; oa-diimine=Me-
DAB; iPr-DAB; DAB =1,4-diaza-1,3-butadiene) [40,41]
and of the series [Ru(phen)>(bpy)]**, [Ru(phen)>(dmbp)]**,
[Ru(tpy)(phen)(CH3CN)I>*, and [Ru(tpy)(dmp)(CH;CN)>*
[42] have been validated by comparison with the experi-
mental spectra [38,39,42] and in some cases with accurate
CASSCF/CASPT2 calculations [38-41]. The effect of

Table 1

increasing Hartree—Fock exchange in the functional on cal-
culated transition energies has been investigated in detail
for [Ru(X)(Me)(CO);(a-diimine)] [41]. In the case of
[Re(CO)3(2,2'-bipyridine)(s-4-styrylpyridine)]* [38], even if
the presence of low-lying long range ligand-to-ligand-charge-
transfer (LLCT) states, not observed in the experimental
spectrum, has been attributed to an artefact of the TD-DFT
method, the description of the MLCT and intra-ligand (IL)
states is generally correct. Nevertheless, it has been shown that
the failure of the Kohn—Sham theory at describing transition
metal-halide bonding in [Ru(Cl)(Me)(CO),(a-diimine)] leads
to a wrong TD-DFT assignment of the lowest excited states,
which overestimates the halide (X = Cl) to ligand charge transfer
(XLCT) character in detriment to the MLCT character [40,41].
The electronic spectra of the complexes under investigation in
the present work are essentially characterized by MLCT and IL
excited states, while the LLCT states play a minor role in the
electronic absorption spectroscopy and in the photophysics.

In our calculations, 75 excited states have been obtained but
only the states with significant oscillator strengths (>0.01) will
be reported. An investigation of the solvent effects on the opti-
mized structures and on the absorption spectroscopy has been
performed with the crude polarizable continuum model (PCM)
within the Integral-Equation-Formalism (IEFPCM) [43-45] for
CH3CN (e =36.64) and H,O (¢ =78.39) with BSII.

All the calculations are performed with Gaussian 03 quantum
chemistry software [46].

3. Results and discussion

3.1. Structure of [Ru(tap); **, [Ru(tap)>dppz]** and
[Ru(phen)2dppz]**

The DFT(B3LYP) optimized geometries of the [Ru(tap)3]2+,
[Ru(tap)>dppz]**and [Ru(phen)>dppz]** complexes in vacuum
are reported in Table 1 and depicted in Fig. la—c, respectively.
The optimized geometry of [Ru(tap)3]** is compared to the
experimental X-ray structure [47] and the optimized geome-
try of [Ru(phen),dppz]>* is compared to the X-ray structure of

DFT (B3LYP) optimized bond lengths (in A) and bond angles (in °) of [Ru(tap)3]2+, [Ru(tap)gdppz]2+ and [Ru(phen)zdppz]2+ complexes and X-ray data for

[Ru(tap)3]** [47] and [Ru(dmp),dppz]**[Ref [48]]

X-ray [Ru(tap)s]** [Ru(tap),dppz]* [Ru(phen),dppz]** Ref. [25]

BSI BSII BSIII BSI BSII BSIII BSI BSII BSIII X-ray
Ru—N; 2.06 2.01 2.11 2.10 2.04 2.11 2.10 2.02 2.11 2.10 2.094
Ru—N, 2.08 2.01 2.11 2.10 2.04 2.11 2.10 2.02 2.11 2.10 2.098
Ru—Nj 2.06 2.01 2.11 2.10 2.00 2.11 2.09 2.01 2.11 2.10 2.096
Ru—Ny 2.05 2.01 2.12 2.10 2.00 2.12 2.10 2.01 2.11 2.10 2.109
Ru—Nj 2.06 2.01 2.11 2.10 2.00 2.12 2.10 2.01 2.11 2.10 2.102
Ru—Ng 2.08 2.01 2.11 2.10 2.00 2.11 2.09 2.01 2.11 2.10 2.125
N;RuN, 79.4 81.1 79.3 80.1 80.2 78.7 79.4 80.5 78.6 78.9 78.86
N;RuNy 175.1 170.4 173.0 173.2 169.4 172.9 173.0 170.4 173.2 173.2 -
N,RuNs 169.8 170.4 173.0 173.4 169.4 172.9 173.0 170.4 173.2 173.2 -
N3RuNy 80.4 81.1 79.3 80.1 81.3 79.4 80.2 80.8 78.8 79.2 78.85
N3RuNg 172.3 170.4 173.0 173.4 172.6 173.8 174.1 171.1 173.2 173.2 -
NsRuNg 80.6 81.1 79.4 80.1 81.3 79.4 80.2 80.8 78.8 79.2 79.41
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Fig. 1. Optimized structures of [Ru(tap)3]** (a), [Ru(tap),dppz]>* (b) and [Ru(phen),dppz]** (c).

[Ru(dmp),dppz]** (dmp =2,9-dimethyl 1,10-phenanthroline),
which is the closest experimentally characterized complex
[48].

The geometries of the three complexes do not differ dras-
tically. The Ru—N bond lengths are slightly overestimated
(~0.05 A) by the DFT optimization, regardless of BSII or BSIII;
this is illustrated in the theoretical bond lengths of [Ru(tap)3]2+
and [Ru(phen),dppz]** as compared to the X-ray data. The cal-
culations performed with BSI using LanL.2DZ effective core
potentials on the Ru atom underestimate dramatically the Ru—N
bonds distances. Otherwise the bond angles are not really
affected by the choice of the basis sets and associated effective
core potentials.

The opening of the Nj—Ru—N, angle correlated to the closing
of the Np—Ru—Nj5 angle in [Ru(tap)3]2+ is not reproduced by the

calculations. The optimization converges to pseudo-octahedral
symmetry with N—Ru—N angles close to 80°. The Nj—Ru—Ny
and No—Ru—Njs angles which connect the dppz ligand to the
external ligands (tap or phen) are nearly identical and do not
differ from the tap to the phen complexes with values close to
173° corresponding to an opening of the structure as compared
to the one of [Ru(tap)3]2+ which does not possess an extended
ligand. The N3—Ru—Npg angle connecting the two external lig-
ands amounts to values close to 173° slightly overestimated with
respect to the experimental value of 172.3° in [Ru(tap)s]**.
While experimental structures are characterized by different
Ru—N(phen) or Ru—N(tap) bond lengths all the Ru—N optimized
distances show similar values in the range 2.10-2.11 A compa-
rable to the average experimental Ru—N bond lengths, namely
2.065A for [Ru(tap)3]** and 2.104 A for [Ru(dmp),dppz]**.
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Table 2
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DFT (B3LYP) optimized bond lengths (in A) and bond angles (in °) of [Ru(tap)>dppz]** and [Ru(phen),dppz]>* complexes without and with PCM solvent correction

with BSII (CH3CN; £=36.64, H,0; £ =78.39)

[Ru(tap),dppz]** [Ru(phen),dppz]**

Vacuum CH3;CN H,O Vacuum CH3CN H,O
Ru—N; 2.113 2.106 2.110 2.11 2.107 2.105
Ru—N, 2.113 2.105 2.110 2.11 2.105 2.104
Ru—Nj3 2.106 2.098 2.099 2.11 2.108 2.106
Ru—Ny 2.115 2.107 2.108 2.11 2.108 2.105
Ru—Nj5 2.115 2.108 2.109 2.11 2.106 2.105
Ru—Ng 2.106 2.098 2.101 2.11 2.107 2.105
N;RuN, 78.7 78.8 78.6 78.6 78.6 78.7
N;RuNy4 172.9 172.97 173.3 173.2 173.8 173.8
N>RuN5 172.9 173.2 173.3 173.2 173.7 173.7
N3RuNy4 79.4 79.59 79.5 78.8 79.02 79.1
N3RuNg 173.8 174.12 174.1 173.2 173.0 172.8
N5RuNg 79.4 79.6 79.5 78.8 79.12 79.2

When solvent correction is added (H,O, CH3CN) the bond
lengths are slightly contracted but the overall theoretical struc-
ture is not drastically affected, as illustrated by the results
reported in Table 2.

3.2. Electronic structure of [Ru(tap)»dppz]**and
[Ru(phen)»dppz]**

The electronic structure of the ground states of [Ru(tap),
dppz]2+ (374 electrons) and [Ru(phen)zdppz]2+ (378 electrons)
complexes is 1A (d6 on Ru(Il)) with the Kohn—Sham (KS)
orbitals depicted in Fig. 2a and b, respectively. In both com-
plexes, the Kohn—Sham orbitals are well localized either on the
external ligands, or on the dppz ligand. The seven low-lying m*
orbitals localized either on the tap, the phen or the dppz lig-
ands are nearly pure. The m system (Tdppz, Taps Trjppz, Tr:‘ap)
is stabilized by the presence of two extra nitrogen atoms at the
positions 5 and 8 of the phen ligand (tap complex). The three
low-lying 4dgr, occupied orbitals are stabilized when going from
the phen to the tap complex by a more favourable interaction with
the dppz ligand. In the case of the tap substituted molecule the
HOMO, HOMO-1 and HOMO-3 correspond to mgpp, orbitals
and the HOMO-2 corresponds to 4dgry orbitals. The ¢, occu-
pied orbitals are lowest in energy. The lowest vacant orbitals,
until LUMO +3 correspond to m* orbitals localized on the tap
ligand, whereas the upper vacant orbitals correspond to Trflppz
orbitals. The HOMO-LUMO energy gap is 0.10 a.u.

The HOMO-LUMO energy gap amounts at 0.13a.u. in
[Ru(phen)>dppz]** where the 4dg, are significantly destabi-
lized with respect to those of the tap complex due to a less
favourable interaction with the dppz ligand. The HOMO is also
a mgpp, orbital but the HOMO-1, HOMO-2 and HOMO-3 cor-
respond to 4dg, orbitals. In contrast to [Ru(tap)gdppz]2+, the
HOMO and HOMO-1 are nearly degenerate. The LUMO and
LUMO+1 correspond to m* orbitals localized on the external
phen ligands. According to the scheme of KS orbitals depicted
in Fig. 2, the lowest metal to ligand charge transfer states
should correspond to excitations to the external ligands, either

tap or phen, depending on the complex. Moreover, a stabiliza-
tion of the MLCT (4dgry — Trﬁppz) states should be observed in

[Ru(phen),dppz]**. The three 4dg, orbitals are nearly degen-
erate in the phen complex whereas this degeneracy is partially
lifted in the tap complex by interaction with the dppz ligand.
Considering only the set of 14 orbitals depicted in Fig. 2, a large
number of electronic excited states can be generated by single
excitation leading to a high density of states in the visible/UV
domain of energy.

The KS orbitals of [Ru(tap)>dppz]** and [Ru(phen)>dppz]**
complexes including the simple PCM solvent correction (for
water and acetonitrile) are depicted in Fig. 3a and b, respectively.
The qualitative character of the KS orbitals is not affected by the
solvent correction and in both complexes we observe an overall
destabilization of the orbitals. The 4dg, orbitals are destabilized
whereas the 14y, are stabilized with respect to each other. With
solvent corrections the HOMO, corresponding to a mapp; in vac-
uum, becomes metal localized in [Ru(tap),dppz]>* as well as in
[Ru(phen),dppz]**.

3.3. Electronic absorption spectroscopy

The broad experimental absorption data in H,O and
CH3CN [12,13] of the two Ru(Il) complexes under investi-
gation are reported in Table 3. The absorption spectrum of
[Ru(tap)>dppz]** in H,O is characterized by a shoulder with
maxima at 412 nm and 458 nm and a stronger absorption start-
ing at 366 nm, followed by a first intense band at 278 nm and
a second one starting at 230nm [12]. In acetonitrile only the

Table 3
Experimental absorption data (Amax in nm) for [Ru(tap),dppz
[Ru(phen),dppz]** [13]

1%+ and

H,O CH3CN

[Ru(tap),dppz]®* 230, 278, 366, 412, 458 278, 362, 412, 452
[Ru(phen),dppz]®* 264, 278, 318, 358, 372,440 264, 276, 316,
352,360, 368, 440
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Fig. 2. Kohn—Sham electronic ground state orbitals of [Ru(tap)zdppz]2+ (a) and [Ru(phen)zdppz]2+ (b) in vacuum.

shoulder and the strong absorption starting at 362 nm with the
intense band at 278 nm subsist. The upper band is not observed,
for it is probably shifted to the blue. The absorption spec-

trum of [Ru(phen),dppz

]2+

is more crowded than the one of

the tap complex and is not very sensitive to the solvent. Its
main features are a band centred at 440 nm followed by two
strong absorptions centred at 372 nm and 264 nm (in H>O) and
at 368 nm and 264 nm (in CH3CN). A sequence of shoulders is
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Fig. 3. Kohn—-Sham electronic ground state orbitals of [Ru(tap),dppz]** (a) and [Ru(phen)>dppz]>* (b) solvent corrected for water and acetonitrile.

observed between 278-358 nm in H>O and 276-360 in CH3CN

[13].

The theoretical absorption spectra of [Ru(tap)>dppz]** and

[Ru(phen),dppz

]2+

in vacuum are reported in Tables 4 and 5,

respectively. The theoretical absorption spectra of both com-

plexes are characterized by a high density of states between
500nm and 250nm. Most of the charge transfer states are
associated to very low oscillator strengths. Only the low-lying
absorbing states with significant oscillator strengths (>0.01)
are reported in Tables 4 and 5, which lie between 430 nm
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Table 4

TD-DFT transition energies (in nm and eV) of the low-lying absorbing states (f>0.01) of [Ru(tap),dppz]** and associated oscillator strengths f (in vacuum)

nm Transition One-electron excitation® f eV
429 'L Tappz — Tr;ppz (174 — 179) 0.012 2.89
427 IMLCT 4dry — T, (170 — 175) 0.04 2.90
411 IMLCT/'LLCT ddry = T /Tappz = T (172 — 178)((173 — 177) 0.015 3.01
406 ILLCT Tdppz = Tigp (173 - 178) 0.02 3.06
401 ILLCT Tdppz — Tiap (173 = 177) 0.1 3.09
386 IMLCT/'LLCT 4dry — T/ Tappz = Ty (169 — 176)/(173 — 176) 0.03 321
383 IMLCT 4dry — T, (170 — 178) 0.02 3.24
382 IL Tappz — frrgppz (173 - 179) 0.18 324
372 'L Tappz = Tipps (174 — 181) 0.06 3.33
364 IMLCT 4dry — T, (169 — 177) 0.01 341
362 IMLCT 4dry — T, (169 — 178) 0.05 3.43
324 'MLCT/'IL ddry = 5,/ Tdppz = T, (172 — 181)/(173 — 180) 0.19 383
318 'L Tdppz —> Tr;ppz (173 - 181) 0.02 3.90
316 ILLCT Tdppz —> iap (168 — 176) 0.01 3.92
311 'L Ttap —> Tiap (166 — 176) 0.025 3.99
306 'MLCT 4dr, — Trgppz (170 — 181) 0.08 4.06
305 'MLCT ddry — T, (169 — 180) 0.54 4.07
304 L Tap = Tap (165 — 178) 0.01 4.07

2 The molecular orbitals numbering refers to Fig. 2a.

and 300 nm. Whereas [Ru(phen),dppz]** spectrum is charac-
terized by a series of low-lying MLCT states (4dry, — Tr;hen,
4dry — 'rr(’ippz) close in energy between 435nm and 411 nm,
the [Ru(tap)>dppz]** absorption spectrum is more diversified:
the lowest state corresponds to a 'IL localized on the dppz lig-
and and is calculated at 429 nm, followed by a 'MLCT state
(4dry — T,,) and a series of 'LLCT states corresponding to
charge transfer from dppz to tap, the most intense one at 401 nm.
The next intense ! IL transition is calculated at 382 nm with oscil-
lator strength of 0.18. In contrast, in the phen complex the first

51 (Tadpz —> Trj;ppz) transition is calculated at 411 nm and is

followed by a second series of '"MLCT states until 340 nm.

Looking at the oscillator strengths, the theoretical absorp-
tion spectrum of [Ru(tap),dppz]** is characterized by four
intense bands calculated at 401 nm ('LLCT, f=0.1), 382nm
('IL, £=0.18), 324nm ("MLCT/'IL, f=0.19) and 305nm
("MLCT, f=0.54). It is worth noting that the MLCT absorp-
tions band corresponding to charge transfer to the dppz ligand
are stronger than those corresponding to charge transfer to the tap
ligand.

Table 5

TD-DFT transition energies (in nm and eV) of the low-lying absorbing states (f>0.01) of [Ru(phen)zdppz]2+ and associated oscillator strengths f (in vacuum)

nm Transition One-electron excitation® f eV
435 IMLCT ddry — T (172 175) 0.01 2.85
423 'MLCT ddpy = T (171 - 175) 0.04 2.93
419 'MLCT ddry — T (173> 178) 0.02 2.96
416 'MLCT ddpy — 5, (171 - 177) 0.03 2.98
411 'MLCT 4dra — Ty, (172—177) 0.20 3.02
411 L Tappz = Tippy (174 — 177) 0.01 3.02
402 'MLCT 4dry — T, (173 —179) 0.04 3.09
392 IMLCT 4dry — (172—178) 0.07 3.17
391 IMLCT ddry — (171—178) 0.02 3.17
380 IMLCT 4dry — (171—179) 0.02 3.26
378 IMLCT ddry — T, /AR — T (171 — 176)/(171 — 177) 0.05 3.28
364 IMLCT 4dry — 5, (173 —181) 0.02 3.40
342 IMLCT 4dry — T, (172— 181) 0.02 3.62
340 'MLCT/'LLCT 4dry — W/ Tappz = T, (171 — 181)/(170 — 175) 0.04 3.65
335 'MC 4dry — 4dgy (173 — 189) 0.01 3.69
332 'L Tappz = Taops (170 — 177) 0.02 3.72
316 'LLCT Tappz = Tipen (170 — 179) 0.02 3.93
311 'IL Tphen = Mo (168 — 175) 0.02 3.98
304 'IL Tdppz = Wi, (170 — 181) 0.01 4.08
304 'L Tdppz = Tapps (170 — 180) 0.90 4.08

2 The molecular orbitals numbering refers to Fig. 2b.
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As far as the intensities are concerned, only two strong bands
are highlighted by the calculations in the absorption spectrum of
[Ru(phen),dppz]**, namely a 'MLCT calculated at 411 nm with
f=0.2, and a L calculated at 304 nm with f=0.9. Again, the
charge transfer states to the external ligand (phen in this case)
are very weak.

A qualitative rationalization of the difference in the theoret-
ical spectra of the two complexes can be explained as follows.
When going from the phen to the tap complex the interaction
between the 4dg, orbitals and the Tl'gppz is reduced due to the
presence of an external ligand with a stronger * acceptor char-
acter. The main consequence is a stabilization of both 4dgr, and
T gpps Orbitals with a blue shift of the MLCT (4dry — mg,,,,)
states and a red shift of the IL (wgpp, — Trﬁppz) states.

The theoretical absorption spectra of [Ru(tap)>dppz]** and
[Ru(phen)zdppz]zJr in vacuum and solvent corrected (HO,
CH3CN) are compared to the experimental absorption data [13]
in Table 6. The shoulder between 458 and 412 nm in the observed
absorption spectrum of [Ru(tap)>dppz]>* [13] can be assigned
to the series of the low-lying 'LLCT and 'IL states (Table 4),
from which the strongest peak is the 'LLCT state calculated at
401 nm (Table 4). The strong absorption at 366—362 nm corre-
sponds to a 'IL calculated at 382nm in vacuum. The intense
band detected at 278 nm can be attributed to the 'MLCT state
calculated at 305 nm.

The lowest part of the absorption spectrum of [Ru(phen),
dppz]?** is attributed to the 'MLCT states calculated at 435 nm
and 411 nm, in agreement to Ref [24]. The intense band observed
in the far-UV energy domain beyond 300 nm can be assigned
to the 'IL transition calculated at 304 nm. As seen in Table 6,
the absorption observed between these two well-defined bands,
between 372 nm and 316 nm, corresponds to a series of IMLCT,
I'MLCT/'LLCT, and 'IL transitions, calculated between 402 nm
and 311 nm in vacuum.

As illustrated by these results and in agreement with the
experimental data reported in Table 3, the solvent correc-
tions have little effect on transition energies at this level of
calculation (electronic ground state optimized geometry in

Table 6

vacuum and PCM). The only large difference between the
vacuum and solvent corrected spectra is the disappearance
of the 'MLCT/'IL state calculated at 324 nm in vacuum for
[Ru(tap)2dppz]?*. When solvent corrections are added this
band vanishes and the lowest 'IL state calculated at 382 nm
with f=0.18 gains in intensity with an oscillator strength
increasing to 0.3 (H,O or CH3CN). For both complexes the
agreement between the experimental data and the solvent
corrected transition energies is rather good and allows a sat-
isfactory assignment of the electronic absorption spectra of
[Ru(tap),dppz]** and [Ru(phen),dppz]]>*, representatives of a
series of Ru(Il) polypyridyl complexes used as intercalators in
DNA for their potential light switch effect.

3.4. Photophysics and low-lying triplet states

The important difference in the electronic spectroscopy
between [Ru(tap)>dppz]** and [Ru(phen)>dppz]** will have
dramatic consequences on the photophysics of both compounds
upon visible irradiation between 450 nm and 350 nm. Both sys-
tems are characterized by a high density of triplet states between
414 nm and 500 nm (Tables 7 and 8) to which the molecules may
evolve via intersystem crossing (ISC) after absorption.

Afterirradiation of [Ru(phen),dppz]** the low-lying 'MLCT
states calculated between 435 nm and 350 nm will be populated.
As soon as the molecule has reached the emissive triplet MLCT
states via ISC they are potentially active for light switch-on effect
by virtue of luminescence (Scheme 1).

Irradiation of [Ru(tap),dppz]** under the same conditions
will excite the molecule to the low-lying 'LLCT and 'IL
states. In particular the transition to the 'IL state calculated
at 382nm and corresponding to a single excitation from a
Tdppz Orbital (numbered 173 in Fig. 2a) to the "szpz orbital
(numbered 179 in Fig. 2a) will create a very unstable inter-
mediate [Ru(I)(tap)>(d~ppz*)] with an electronic deficiency
on the external side of the dppz ligand, which can be poten-
tially intercalated. Upon intercalation in DNA, this electronic
deficiency will enhance the probability of reversible electron

TD-DFT transition energies (in nm) in vacuum and solvent corrected (H,O, CH3CN) of the low-lying absorbing states (f>0.1) of [Ru(tap)2dppz]** and
[Ru(phen)zdppz]2+ compared to the experimental absorption data [Ref. [13]] in water and acetonitrile

Experimental data HyO/CH3CN [26] Transition One-electron excitation Vacuum Solvent Solvent corrected
corrected H,O CH3;CN

[Ru(tap)>dppz]**

412 'LLCT Tdppz — frrf‘ap 401 (0.1) 404 (0.1) 402 (0.09)

366/362 L Tdppz —> 'n':;ppz 382 (0.18) 390 (0.3) 388 (0.3)

- IMLCT/'IL 4dry — W,/ Tappr = Ty, 324 (0.19) - -

278 'MLCT 4dgy — Tr(’;ppz 305 (0.54) 294(0.6) 296 (1.1)

[Ru(phen)>dppz]**

440 'MLCT 4dgy — Tr]’;h en 435 (0.01) 455 (0.05) 449 (0.1)
'MLCT 4dry — T op7 411 (0.2) 409 (0.1) 407 (0.1)

372-318/368 — 316 'MLCT 4dgy — Tr]’;hen 402 (0.04) 386 (0.1) 385 (0.1)
'MLCT/'LLCT Adry = T,/ Tappz = T 340 (0.04)  337(0.1) 338(0.1)
L Tphen — ﬂ;hen 311 (0.02) 317 (<0.01) 316 (<0.01)

<300 nm L Tdppz —> Ty pp7 304 (0.9) 290 (1.1) 290 (0.85)

(Associated oscillator strengths f are given in parenthesis).
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Table 7
TD-DFT transition energies (in nm and eV) of the low-lying triplet states of
[Ru(phen)zdppz]**

nm Transition One-electron excitation eV
507 SMLCT ddry — T, 2.44
503 SMLCT ddry — 2.46
491 SMLCT ddry — 2.52
478 SMLCT ddry — 2.59
473 SMLCT ddry — 5, 2.61
463 SMLCT ddry — T, 2.67
455 SMLCT ddry — 2.72
453 L Tdopz = Tipps 2.73
450 SMLCT ddry — 2.75
435 SMLCT ddry — 2.85
435 SMLCT ddry — 2.85
431 SMLCT 4dpy — 5, 2.87
426 :IL/»‘MLCT Tappz = Wapp,/AdRa = T 2.90
425 SMLCT 4dg, — T 2.92
phen

416 3SILALLCT Tdppz = Tiops/ Tdppz = Tipen 2.97
414 SMLCT ddry — T, 2.99
399 SMLCT ddry = T 3.11
Table 8

TD-DFT transition energies (in nm and eV) of the low-lying triplet states of
[Ru(tap)2dppz]?*

nm Transition One-electron excitation eV
582 1L Tappz. = Tgops 2.13
520 SMLCT 4dry — T, 2.37
517 SMLCT 4dry — T, 2.40
502 SMLCT 4dry — T, 2.47
489 SLLCT Tdppz = Tiyp 2.53
476 SLLCT Tappz = Tigp 2.60
470 SLLCT Tappz = Tiap 2.64
466 SMLCT 4dry — T, 2.66
456 SIL Tappz = Tgops 2.71
441 SLLCT 4dgy — T, 2.80
439 SLLCT 4dgy = T, 2.82
438 IL Tdppz = Thopy 2.83
434 IL Tdppz = Thops 2.85
432 SMLCT 4dry — T, 2.86
430 SMLCT ddry — T, 2.88
427 L Tappz = Tipy 2.90
423 SMLCT 4dry — T, 2.93
Electron transfer
Guanine
MLCT Ru(l){tap),(d"ppz+)
IL
.-
SMLCT \\§/35/ /’ -
&% * J ’
o luminescence \ =/ ’
visible
visible
[Ru(phen),(dppz)]2* [Ru(tap)(dppz]**

Scheme 1. Qualitative mechanism of deactivation of [Ru(phen),(dppz)]** (left
side) and [Ru(tap)z(dppz)]2+ (right side) after irradiation in the visible.

transfer from the guanine to the complex leading to the forma-
tion of the G** radical cation observed in various [Ru(tap)L]**
complexes (reaction 1). This competitive process will quench
the light switch-on mechanism which can be efficiently acti-
vated only with the presence of an intense '"MLCT band in the
visible energy domain of the absorption spectrum. Note that the
electron transfer process could also occur from the 3IL state after
'IL — 3IL ISC, in a longer time scale.

The two extreme situations depicted in Scheme 1 represent
two ideal scenarios. At the stage of this theoretical study, that is
performed on the free molecules, direct connection with the great
number of experimental data cannot be asserted. Indeed, the
relative positions of the two low-lying singlet absorbing states
playing a key role at the early stage after irradiation, namely
the 'TL and '"MLCT states, will be controlled by the surround-
ing ligands and environmental effects (solvent, polynucleotide
etc., ...). Consequently, under experimental conditions inter-
mediate situations where both states can be populated can be
expected. The branching ratio between the two competing pro-
cesses, namely electron transfer from the guanine to the unstable
[Ru(I)(L),(d~ppz*)] intermediate versus intersystem crossing
from the 'MLCT state, will control the population of the low-
lying MLCT emissive states and consequently the quantum
yield of luminescence.

4. Conclusion

The structures and electronic absorption spectra of
[Ru(phen),dppz]** and [Ru(tap),dppz]**, representative of a
class of Ru(Il) polypyridyl complexes used as intercalators in
DNA for their molecular light switch properties have been cal-
culated by means of density functional theory without and with
solvent corrections for water and acetonitrile within the limit
of the polarized continuum model. The solvent correction has
a minor effect on the structures as well as on the absorption
spectroscopy. The absorption spectrum of [Ru(phen),dppz]**
is characterized by the presence of a high density of low-
lying MLCT (4dry — Trﬁppz) states between 435 nm and 340 nm
with one strong absorption calculated at 409 nm in water and
assigned to the band centred at 440nm. The next absorbing
state corresponds to a 518 (Tdppz —> Tr:;ppz) calculated at 290 nm
(water correction) assigned to the strong band observed beyond
300 nm. The absorption spectrum of the tap substituted complex
[Ru(tap)zdppz]zJr is very different, showing the first strongly
MLCT absorbing state calculated at 294 nm (water corrected)
and assigned to the strong band observed at 278 nm. The 'IL
state is shifted to the visible energy domain at 390 nm (water
corrected) and assigned to the band centred at 366 nm. It is
shown that this difference in the absorption spectroscopy will
have dramatic consequences on the photophysics of the two
molecules potentially intercalated in DNA. After irradiation
with visible light excited [Ru(phen),dppz]*** will be formed
in the 'MLCT state. From there the system may evolve through
intersystem crossing to the low-lying emissive SMLCT states
leading to a light switch-on effect. In contrast, irradiation of
[Ru(tap)zdppz]2+ in the same experimental conditions will pop-
ulate the 'IL state creating some electronic deficiency on the
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external side of the dppz intercalated ligand by charge trans-
fer from the gy, orbital localized on this side to a Trflppz
orbital localized towards the metal centre. A very unstable
species [Ru(IT)(tap)>(d~ ppz*)], available for a competitive elec-
tron transfer from the guanine to the complex, will prevent
emissive processes via the low-lying triplet states.

The rationalization of the photophysics of these two
molecules constitutes an encouraging step towards the under-
standing of the molecular light switch effect in this class of
compounds. The study of the specific influence of the polynu-
cleotides on the spectroscopic and photophysical properties, in
progress, is a computational challenge but is necessary to inter-
pret the puzzle of unresolved experimental questions.
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