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ABSTRACT: The spectroscopic properties of two photoprobes for DNA, Ru(phen)2(PHEHAT)2� and
Ru(TAP)2(PHEHAT)2� (phen = 1,10-phenanthroline, TAP = 1,4,5,8-tetraazaphenanthrene, PHEHAT = 1,10-
phenanthrolino[5,6-b]-1,4,5,8,9,12-hexaazatriphenylene), were examined and compared with those of complexes
containing either an extended planar ligand (DPPZ) orp-acceptor ligands. The orbitals involved in the absorption and
emission processes for Ru(phen)2(PHEHAT)2� imply the PHEHAT ligand, whereas the chromophore and
luminophore for Ru(TAP)2(PHEHAT)2� are associated with the Ru(II)→ TAP MLCT transition. The two complexes
exhibit completely different behaviour in the presence of DNA. Whereas Ru(phen)2(PHEHAT)2�, which does not
emit in water, luminesces upon intercalation between the DNA base pairs, the luminescence of
Ru(TAP)2(PHEHAT)2� is quenched by binding to DNA. Emission quenching is also observed in the presence of
GMP, with a quenching rate constant of 1.25� 109 l molÿ1 sÿ1. This strongly suggests the presence of a photo-
induced electron transfer from the guanine residues of GMP or DNA to the excited complex and leads to the
conclusion that this complex is a good DNA photoreagent. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

The binding of ruthenium(II) complexes to nucleic acids
has been extensively studied in the last 10 years.1–3 The
interesting absorption and emission properties of these
compounds, easily tunable by varying the ligands, make
them attractive candidates for probing nucleic acids.4 We
have been interested in the interactions and photoreac-
tions of TAP (1,4,5,8-tetraazaphenanthrene) and HAT
(1,4,5,8,9,12-hexaazatriphenylene) ruthenium(II) com-
plexes with DNA5,6. The p-deficient character of these
ligands makes the corresponding excited complexes more
oxidizing than their 2,2'-bipyridyl (bpy) or 1,10-phenan-
throline (phen) analogues. Different combinations of
these ligands allow the preparation of a series of
complexes whose excited state reduction potential
E°

Ru2�*/1� is anodically shifted byca 700 mV compared
with the reduction potential of Ru(bpy)32�*. It has been
shown that the most oxidizing complexes are able to
induce, under illumination, an electron transfer from the
guanine of a mononucleotide or of the DNA double helix

to the excited complex.7,8 This photo-electron transfer
process leads to two types of DNA reactions: single-
strand cleavages and the formation of photoadducts
between the complex and the DNA7,9,10.

However, although these properties make these com-
plexes attractive for different applications, in photoche-
motherapy, for example, their relatively weak binding
constants to DNA represent limiting factors for their
direct application in biological systems. One possibility
for solving this problem consists in preparing complexes
able to intercalate one of their ligands between the base
pairs of the DNA double helix. This approach led to
the preparation of an extended planar ligand, dipyrido
[3,2a-2',3'c]phenazine (DPPZ),11 and the corresponding
Ru(bpy/phen)2(DPPZ)2� complexes.12–17. It has been
demonstrated that these compounds have an excellent
affinity for DNA, owing to the intercalative property of
the DPPZ ligand. However, they are not sufficiently
oxidant in their3MLCT excited states to induce an
electron transfer in the presence of mono- or polynucleo-
tides. Therefore, in order to combine, in the same
complex, the intercalation property with the photooxidiz-
ing power, we have designed the PHEHAT (1,10-
phenanthrolino [5,6-b]-1,4,5,8,9,12-hexaazatripheny-
lene) ligand,18 where a hexaazatriphenylene is annelated
to a phenanthroline motif.

In this work, we examined the photophysical proper-
ties of two complexes constructed with PHEHAT, i.e.
Ru(phen)2(PHEHAT)2� and Ru(TAP)2(PHEHAT)2�, in
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the absenceandpresenceof DNA. The propertieswere
comparedwith thoseof complexescontainingeitheran
extendedplanar ligand (DPPZ) or p-acceptorligands
(TAP or HAT).

EXPERIMENTAL

Instrumentation. Absorptionspectrawererecordedon a
Hewlett-PackardModel8452Adiode-arrayspectrometer
andtreatedwith aMacintoshcomputer.Emissionspectra
were recordedwith a ShimadzuRF-5001PC spectro-
meterequippedwith aHamamatsuR 928photomultiplier
tube.

Chemicals. High-purity reagentsandsolvents(analytical
grade)wereusedwithout furtherpurification.Waterwas
purified with a Millipore Milli-Q system.Tris buffer
[tris(hydroxymethyl)aminomethane]waspurchasedfrom
Aldrich. Calf thymusDNA (CT-DNA, PharmaciaLKB
Biotechnology) was dialysed extensively first against
phosphatebuffer and subsequentlyagainstwater. The
polynucleotidephosphateconcentrationwasdetermined
spectrophotometrically (for CT-DNA e260= 6600 l
molÿ1 cmÿ1 and for poly(d[A-T])2 e262= 6600 l
molÿ1 cmÿ1). Guanosine-5'-monophosphate(Aldrich)
wasusedwithout further purificationasthesodiumsalt.

Synthesis of precursors. 1,10-Phenanthroline-5,6-
dione,12 9,10-diamino-1,4,5,8-tetraazaphenanthrene18

and bis(1,10-phenanthroline)dichlororuthenium(II) 18

werepreparedasdescribedpreviously.

Synthesis of polypyridyl ruthenium(II) complexes. The
synthesesof Ru(phen)2(HAT)2�,19 Ru(phen)2(DPPZ)2�,5

Ru(TAP)3
2�,20 Ru(TAP)2(phen)2� 21 and

Ru(phen)2(PHEHAT)2� 18 havealreadybeendescribed.
Thesynthesisof Ru(TAP)2(PHEHAT)2� wascarriedout

from 1,10-phenanthroline-5,6-dione, 9,10-diamino-
1,4,5,8-tetraazaphenanthrene and bis(1,4,5,8-tetraaza-
phenanthrene)dichlororuthenium(II); the procedure is
similar to thatalreadydescribed.18 MS (ESMS,CH3CN,
MW = 1139.7): m/z= 994.8 (14%, M ÿ PF6ÿ), 424.9
(100%,[M ÿ 2(PF6

ÿ)]. 1H NMR (250MHz, CD3CN)(HT

refers to protons on 1,4,5,8-tetraazaphenanthrene and
HPH refers to protons on 1,10-phenanthrolino5,6-b]-
1,4,5,8,9,12-hexaazatriphenylene):9.94 (2H, dd, HPH

g,
Ja g = 1.2Hz), 9.35 (4H, s, HPH

�, e), 9.0 (2H, d, HT
2,

J23 = 2.8Hz),8.98(2H,d,HT
7, J67 = 2.8Hz),8.63(4H,s,

HT
9,10), 8.32 (2H, d, HT

3), 8.28 (2H, dd, HPH
a,

Ja b = 5.3Hz), 8.26 (2H, d, HT
6), 7.95 (2H, dd, HPH

b,
Jb g = 8.2Hz).Forthenumberingof thedifferentprotons,
seeFig. 1. The different protonswere assignedfrom a
1H– 1H COSYspectrum.

RESULTS AND DISCUSSION

Photophysics in solution

Absorption. Table1 lists theabsorption�max valuesfor
the PHEHAT complexes.For comparison,the data for
Ru(phen)3

2�,22 Ru(phen)2(HAT)2� andRu(TAP)2(lig)2�

(with lig = bpy, phenor DPPZ)21,23,24arealsoincluded.
The analysisof the UV–visible absorptiondata for

Ru(phen)2(PHEHAT)2� andRu(TAP)2(PHEHAT)2� re-
veals two different behaviours. For
Ru(phen)2(PHEHAT)2�, the MLCT band is not red
shifted compared with Ru(phen)3

2�, in contrast to
expectationfor a complexwith a p-acceptorligand, as
observedwith Ru(phen)2(HAT)2�. Hencetheannelation
of aHAT fragmentto thephenanthrolinemoietydoesnot
significantly changethe MLCT band,and the chromo-
phoreRu(II) → PHEHAT mainly involvesthephenpart
of the ligand (Fig. 1).18

In contrast,for Ru(TAP)2(PHEHAT)2�, the compar-
ison of the spectrawith thoseof the other complexes

Table 1. Absorption data for the ruthenium(II) complexes

�max (nm)

Complex H2O CH3CN

Ru(phen)32�a 421,423 262 446
Ru(phen)2(DPPZ)2�b 264,278sh,f 318sh,358sh,372 440 264,276sh,316,352,360,368 440
Ru(phen)2(HAT)2�c 262 430,494sh 262 420,480sh
Ru(TAP)2(phen)2�d 272 410,466 272 412,458
Ru(TAP)2(DPPZ)2�e 278,366 412,458 278,362 412,452
Ru(phen)2(PHEHAT)2� 264,276sh,312sh,356,374 440 264,278sh,312sh,354sh,370 438
Ru(TAP)2(PHEHAT)2� 278,368 412,460 276,362 414,450

a FromRef. 22.
b Our data.SeealsoRef. 15.
c Our data.SeealsoRef. 19.
d FromRef. 21.
e FromRefs23 and25.
f sh= Shoulder.
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suggeststhat the lowest lying MLCT transition is not
Ru(II) → PHEHATbutRu(II) → TAP (Fig. 1). The�max

values of the MLCT bands are very close to those
obtained for Ru(TAP)2(phen/bpy)2� and
Ru(TAP)2(DPPZ)2�.21,23,25

Emission. Ru(phen)2(PHEHAT)2� and Ru(TAP)2
(PHEHAT)2� exhibit at room temperatureemission
spectra without vibrational structures; however,
Ru(phen)2(PHEHAT)2� does not emit in water. The
emissionmaximarecordedin waterandacetonitrileare
given in Table 2, along with the datafor the reference
compounds.Table 2 also includes the corresponding
luminescencelifetimes in acetonitrile.

The comparisonof the 3MLCT emissionmaximum
of Ru(phen)2(PHEHAT)2� in acetonitrile with the
valuesfor the othercomplexesshowsthat the emission
energy decreases in the order Ru(phen)3

2�>
Ru(phen)2(DPPZ)2� > Ru(phen)2(PHEHAT)2� > Ru
(phen)2(HAT)2�. This suggeststhat the level of the p*
orbital involved in the emission process for

Ru(phen)2(PHEHAT)2� lies betweenthe levels of the
phen-typep* orbital andtheHAT-typep* orbital, hence
the transitioninvolvesthewholePHEHAT ligand.18

It is interestingthatRu(phen)2(PHEHAT)2�, similarly
Ru(bpy/phen)2(DPPZ)2�,11,14,15 does not luminescein
water.This behaviourcanbe attributed,asproposedfor
Ru(bpy/phen)2(DPPZ)2�, to the non-radiativerate con-
stant which increaseswith increasingpolarity of the
medium27 and with the ability of the medium to form
hydrogen bonds with the phenazinenitrogens of the
excitedcomplex.28

In contrast,Ru(TAP)2(PHEHAT)2� exhibitsthesame
emissionpropertiesasRu(TAP)2(lig)2� (with lig = phen,
bpy or DPPZ).Hencethe lowest lying luminophorefor
these complexes correspondsto the Ru(II) → TAP
3MLCT excitedstate.It canthereforebe concludedthat
the absorptionand emissioninvolve the sameorbitals.
This conclusionallowsthe interpretationof thedifferent
behaviour for Ru(phen)2(PHEHAT)2� and
Ru(TAP)2(PHEHAT)2�. Fortheformer,theluminophore
involves the PHEHAT ligand and, therefore, the
luminescenceis completely quenched in water. In
contrast,for the latter, PHEHAT is not involved in the
lowest lying luminophoreandthe luminescenceproper-
ties correspondto thoseobservedfor all the otherTAP
complexes.

Ru(phen/TAP)2(PHEHAT)2� and nucleic acids

Absorption. The absorption changes of
Ru(TAP)2(PHEHAT)2� (at constantconcentrationsof
complex)uponadditionof CT-DNA areshownin Fig. 2
and Table 3 for two different NaCl and Tris buffer
concentrations.

Figure 3 illustratesthe absorptionchangeat a fixed
wavelengthfor increasingconcentrationsof CT-DNA
and Table 3 lists the percentageof hypochromicity
observedfor LC and MLCT absorptionbandsat P/Ru
([DNA asphosphateequivalent]/[complex]) = 50.

Figure 1. Lowest MLCT transition in absorption for Ru(phen)2(PHEHAT)2� and Ru(TAP)2(PHEHAT)2�.

Table 2. Emission data for the ruthenium(II) complexes

H2O: CH3CN
Complex �max (nm)a �max (nm)a tair (ns)b

Ru(phen)3
2� c 600 596

Ru(phen)2(DPPZ)2� d –h 630 180
Ru(phen)2(HAT)2� e 732 696 371
Ru(TAP)2(phen)2� f 645 629 760
Ru(TAP)2(DPPZ)2� g 636 621
Ru(phen)2(PHEHAT)2� –h 662 191
Ru(TAP)2(PHEHAT)2� 635 623 630

a Corrected�max of emission.
b The luminescencedecayscorrespondto strict single exponentials.
Experimentalerrorsfor the lifetimes are�5%.
c FromRef. 26.
d Our data.SeealsoRef. 15.
e Our data.SeealsoRef. 19.
f FromRef. 21.
g FromRefs.23 and25.
h The complexdoesnot emit in water.
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Figure 2. Absorption spectra of [Ru(TAP)2(PHEHAT)]Cl2 in the presence of calf thymus DNA ([complex] = 2� 10ÿ5
M). (a) and (b)

[Tris buffer] = 10 mM; [NaCl] = 50 mM. The [DNA phosphate]/[complex] mixing ratios vary (a) (from top to bottom) from 0 to 6
and (b) (from bottom to top) from 8 to 80. (c) [Tris buffer] = 1 mM; [NaCl] = 10 mM. The [DNA phosphate]/[complex] mixing ratios
vary (from top to bottom) from 0 to 6 (straight line) and (from bottom to top) from 8 to 80 (dotted line).
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Increasingthe DNA concentration,andthusthe P/Ru
ratio, results in two phasesof events for these two
complexes.Thefirst correspondsto ahypochromiceffect
astheabsorptiondecreaseslinearly whentheconcentra-
tion increasefrom zeroupto P/Ru� 7.Thesecondphase
correspondsto an absorptionincreaseto a plateauvalue
at P/Ru� 20. These absorption changes obviously
indicate the binding of Ru(phen)2(PHEHAT)2� and
Ru(TAP)2(PHEHAT)2� to the DNA; the important
hypochromic and the bathochromic effects would
indicate intercalationof the PHEHAT ligand between
the base pairs of the DNA double helix. The extra
hypochromicity (P/Ru= 2–10) is attributed to closely
boundmetalcomplexes.12 Interestingly,Table3 suggests
thatthehypochromicityis themostimportantfor theLC
PHEHAT p → p* transitions.This is in agreementwith
the intercalationof the ligand betweenthe stackingof
bases.A ratherimportanthypochromicity,althoughless
than the previousone, is also observedfor the MLCT
transitioninvolving thephenpartof thePHEHATligand.
This is also in agreementwith intercalativebinding to
DNA. In contrast,no hypochromicityis observedon the
lowest energyMLCT bandof Ru(TAP)2(PHEHAT)2�.
This corroboratesthe assignmentof this band to the

Ru(II) → TAP MLCT transition.As this chromophore
does not correspondto the intercalated part of the
complex,thisabsorptionbandis unchangedonincreasing
the DNA concentration.Finally, it shouldbe notedthat
thesaltconcentrationdoesnot seemto haveaninfluence
on thehypochromicityof thethreeabsorptionbands(the
observeddifferencesarenot significant).

Emission. For many Ru(II) complexes,the interaction
with a polynucleotideis accompaniedby a luminescence
intensity increase, as observed for Ru(phen)3

2�,
Ru(phen/bpy)2(TAP/HAT)2� and Ru(phen/
bpy)2(DPPZ)2�14,15,29,30. For thesecomplexes,the low-
estlying excitedstatesarenotsufficientlyoxidizing to be
quenchedby abstractionof anelectronfrom anucleotidic
base.As Ru(phen)2(PHEHAT)2� is ableto photooxidize
theguanineof GMP,18 its behaviourwasexaminedwith
DNA. In thatcase,nophotoinducedelectrontransferwas
detectedand the complex acts as a ‘light-switch’ for
DNA. In contrast, Ru(TAP)2(PHEHAT)2� exhibits a
completelydifferent behaviour(Fig. 4).

This complex emits in aqueoussolution. Moreover,
whenits luminescenceis measuredataconstantcomplex
concentrationasa functionof increasingamountof CT-

Table 3. Percentage of hypochromicitya observed for LC (PHEHAT) p → p* and MLCT absorption bands for
Ru(phen)2(PHEHAT)2� and Ru(TAP)2(PHEHAT)2�

Ru(phen)2(PHEHAT)2�: Ru(TAP)2(PHEHAT)2�

Transitioninvolved (�max) [NaCl] = 10mM
b [NaCl] = 10mM

b [NaCl] = 50mM
c

LC transition(368nm) 31 24 28
MLCT Ru → PHEHAT (412nm) 14 16 18
MLCT Ru → TAP (454nm) — 0 0

a Thepercentageis calculatedat P/Ru([DNA asphosphateequivalent]/[complex]) = 50, i.e. on theplateauof Fig. 4.
b 1 mM Tris buffer, pH 7.
c 10mM Tris buffer, pH 7.

Figure 3. Absorbance of [Ru(TAP)2(PHEHAT)]Cl2 at constant concentration (2� 10ÿ5
M) in 10 mM NaCl and 1 mM Tris buffer, at

368, 412 and 454 nm, versus increasing [DNA phosphate]/[complex] ratio.
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DNA, insteadof observinganemissionincrease,theratio
I/I0 (I andI0 = theintensityin thepresenceandabsenceof
polynucleotide,respectively)decreasesuntil a plateau
valueis reached.This luminescencequenchingcouldbe
attributedto a photoinducedelectrontransferfrom the
guaninebasesof the DNA to the excitedcomplex.This
hypothesis has already been confirmed for all the
complexescontainingat least two TAP ligands,whose
luminescenceis alsoquenchedin thepresenceof DNA.31

Thecurvepatternis explainedasfollows: at low P/Ru
ratios,the luminescencedecreaseslinearly with increas-
ing DNA concentrationuntil P/Ru� 6 (or three base
pairs per ruthenium).Supplementaryadditionsof DNA
do not inhibit the luminescencefurther but modify the
distribution of the complex on the double helix; this

correspondsto the plateausituation.From this lumines-
cencetitration curve,thebindingconstantwascalculated
accordingto McGheeand Von Hippel’s model.32 The
valueobtainedcorrespondsto 8.5� 105 l molÿ1 (with a
site-sizeparameterof 2) in 50mM NaCl and10mM Tris
buffer solution, and is thus of the same order of
magnitudeasthevaluefor Ru(phen)2(DPPZ)2�.13

In order to supportthe hypothesisof a photoreaction
between the excited Ru(TAP)2(PHEHAT)2� and the
guanine basesof the DNA, luminescencequenching
experimentswere performedin the presenceof guano-
sine-5'-monophosphate(GMP). Figure 5 shows the
Stern–Volmer plot obtained from the luminescence
intensity measurementsas a function of increasing
concentrationof GMP in aqueousbuffered solutions
(0.1M Tris buffer, pH 7).

Themeasurementswereperformedin thepresenceof a
high buffer concentrationin orderto avoid variationsof
ionic strengthwith increasingnucleotideconcentration.
The quenchingrate constantcalculatedfrom this plot
(with t0 = 988nsin 0.1M Tris buffer,pH 7) corresponds
to 1.25� 109 l molÿ1 sÿ1 (error:10%),andlies between
the valuesobtainedfor Ru(TAP)2(phen)2� (0.98� 109 l
molÿ1 sÿ1) andRu(TAP)3

2� (2.2� 109 l molÿ1 sÿ1.7,31

Ru(TAP)2(PHEHAT)2� thus behavessimilarly to the
othercomplexescontainingat leasttwo TAP ligandsand
actingasgoodphotooxidizingagents.

CONCLUSION

Ru(TAP)2(PHEHAT)2� is a very good candidateas a
photoreagentfor DNA. It combinesthe photooxidizing
power of complexesable to induce a photo-electron
transferwith a goodinteractionwith DNA, owing to the
intercalative property of the PHEHAT ligand. An
extensivestudyof the photophysicsandphotochemistry
of Ru(TAP)2(PHEHAT)2� in the presenceof DNA is in
progress.
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