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Abstract: Methyl substituents on the distant benzene ring of the dppz ligand in the “light switch” complex
[Ru(phen).dppz]?* have profound effects on the photophysics of the complexes in water as well as in the
polyol solvents ethylene glycol, glycerol, and 1,2- and 1,3-propanediol. Whereas 11,12-dimethyl substitution
decreases the rate of quenching by diminishing hydrogen bonding by solvent, the 10-methyl substituent in
addition also decreases both the radiative and the nonradiative rate constant for decay to the ground state
of the non-hydrogen-bonded excited state species. For both the 10-methyl and the 11,12-dimethyl
derivatives, the effect of methyl substitution on the equilibrium of solvent hydrogen bonding to the excited
state is due to changes in the entropy terms, rather than in the enthalpy, indicating that the effect is a
steric perturbation of the solvent cage around the molecule. When intercalated into DNA, the effects of
methyl substitution is smaller than those in polyol solvent or water, suggesting that the water molecules
that quench the excited state by hydrogen bonding to the phenazine aza nitrogens mainly access them
from the same groove as in which the Ru(ll) ion resides. Since the A-enantiomer of [Ru(phen),10-methyl-
dppz]?* has an absolute quantum yield of up to 0.23 when bound to DNA, a value 7000 times higher than

in pure water solution, it is promising as a new luminescent DNA probe.

Introduction

There are interesting potentials for the use of Ru(ll) com-
plexes with 2,2bipyridine-type ligands as anticancer drugs, for
development of DNA conformational probes, or as photoacti-
vated electron donors for initiation of electron-transfer proces-
sest~18 Complexes with an extended planar ligand like dipyrido-
[3,2-a:2,3-c]phenazine (dppz) are known to intercalate between
the base pairs in DNAL1719-22 The dppz moiety of, e.g., [Ru-
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(phen¥dppzFt (phen= 1,10-phenanthroline) is thereby partly
protected from the solvent water molecules by the DNA
resulting in an enormous increase in quantum yield, the “light
switch” effect!1.19.22-26

After photoexcitation with visible light, an electron, formally
originating fran a d orbital in the ruthenium ion, is transferred
to an antibondingz* orbital on the dppz ligand, and a long-
lived state of triplet character is formed (metal-to-ligand charge
transfer, MLCT)?124.25.2732 The efficient quenching of Ru-dppz
complexes in water is proposed to be due to fast hydrogen
bonding of solvent to the phenazine aza nitrogens of the dppz
anion radical, which are moderately basic due to their partial
negative charge, whereas formation of hydrogen bonds to the
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Scheme 1. Structures of Ruthenium Complexes

[Ru(phen),dppz CHz]** 1 [Ru(phen),dppz(CH3),]*" 2

ground state does not occur because of the very weak basicityzero and one hydrogen-bonded solvent molecule, respectively,
of the R¥* coordinated, neutral dppz ligaRti25-29:3335 A very and that the nonemissive state corresponded to an excited state
short-lived intermediate MLCT state has been detected in water where both phenazine nitrogens of the dppz ligand were
and is suggested to be similar to the non-hydrogen-bonded dppzydrogen bonded to solvent molecules.

localized state which dominates the emission in DNA and in . )
acetonitrile?® a conclusion that is supported also by time- In the present work we extend the earlier study to include

resolved resonance Raman spectroscopy studied.tRThe complexes modified by methyl substitution on the outermost
Ru-dppz complexes bind strongly to DIAL26.3638 pyt the benzene ring of the dppz ligand (Scheme 1). Inspiration to this
excited-state lifetime, and consequently the luminescence Study came from the paper by Hartshorn et'&iwhere a
quantum vyield, shows a remarkable sensitivity to both the spectacular lengthening of the excited state lifetimes was
chirality of the ruthenium center and the nature of the ancillary observed for the racemic 10-methyl dppz complex bound to
ligands and the nucleic acid sequer&e? DNA. The 10-methyl group could be expected to sterically
To explain the structural sensitivity of the “light-switch”  shield the nitrogen in thperi-position from hydrogen bonding,
effect, we here make an effort to increase the understanding ofthus the reduced rate of quenching observed by Hartshorn et
also finer details of the quenching mechanism of Ru-dppz al. seemed to confirm our hypothesis of the necessity of
complexes in a hydroxyl-rich environment. We have recently hydrogen bonding to both phenazine nitrogens to completely
described the temperature dependence of the emission of [Ru-quench the luminescence of [Ru(phgippzf™. However, to
(phen}dppzP* in the following hydroxylic solvents: glycerol,  our surprise, we found that methyl groups also in the more
ethylene glycol, 1,2- and 1,3-propandiol, ethanol, and watr.  remote 11,12-positions of the dppz decreased the hydrogen
Two types of elementary emission spectral profiles were honding of the excited state by solvent, when intercalated not
required to fit all measured emission spectra in the polyol only into DNA but even more pronouncedly in water and several
solvents over a large temperature range {@0to 150 °C). polyols. Thus, methyl groups appear to have an effect that cannot
Emission spectra of the two differently solvated species and e atributed solely to direct sterical interference with hydrogen
their concentration profiles c_ould be de_co_nvolute_d from the data_\. bond formation. Furthermore, in the 1,2- and 1,3-propanediol
The result§ showed that athlrd nonemissive excited-state Spec'egolvents, the enthalpy cost for breaking a hydrogen bond to the
has to be involved to explain the experiments. It was suggested . :
that the two emissive species corresponded to MLCT states with excited state was found o be essentially the -same for two
methylated complexes as for the parent unsubstituted complex.

(33) Chambron, J.-C.; Sauvage, J.Ghem. Phys. Lett1991, 182, 603. Our conclusion is that the decreased hydrogen bonding in
(34) ggm;n\dh_\llvgg\é\/'l’l‘ui’lgi_}(’w” Cheung, K. K.; Kong, R. Y. QChem. the methylated complexes is due to an entropic effect, caused
(35) Nair, R. B.; Cullum, B. M.; Murphy, C. Jnorg. Chem.1997, 36, 962. by a steric perturbation of the whole solvation cage around the
(36) Turro, C.; Bossmann, S. H.; Jenkins, Y.; Barton, J. K.; Turro, N. Am. y . p 9

Chem. Soc1995 117, 9026. dppz-ligand by the methyl groups. As smaller effects from

@7 fg‘gbgtf{‘g £ Nikel, H. D Gray, H. B.; Anson, F. £.Am. Chem. Soc. methy| substitution are found with DNA compared to the polyol

(38) Friedman, A. E.; Chambron, J. C.; Sauvage, J.-P.; Turro, N. J.; Barton, J. solvents, we suggest that when the complexes are intercalated
K. J. Am. Chem. Sod.990 112, 4960. . : .

(39) Olofsson, J.; @felt, B.. Lincoln, P.J. Phys. Chem. 2004 108 4391 into DNA, water molecules can mainly access the phenazine
4398. : ; o

(40) Onfelt, B.: Olofsson, J.; Lincoln, P.: NofdeB. J. Phys. Chem. £003 nitrogens from that side of DNA where the Ru(ll) ion is situated

107, 1000. and not from the side of the methyl groups.
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Materials and Methods and 650 nm and baseline-corrected by subtracting the spectrum recorded
for the nonoriented sample.

Kinetic Analysis. TCSPC traces were fitted to a sum of exponentials
[S(t) = = ai exp(—t/zi)], using a homemade routine in the framework
of the software package Matlab, the first 20 ns being cut off to get rid
of the contribution from the lamp pulse (width 10 ns).

Chemicals.The complexes were synthesized as described elsewhere
from the appropriate phenylenediamirtésyith the exception that the
BFa” counterion was used for isolation and chromatography rather than
the Pk~, a procedure that virtually eliminated the last traces of

impurities (presumably [Ru(pheg}j*) that were luminescent in water
solution. 2,3-Diaminotoluene and 4,5-diamiadho-xylene were ob-

Fluorescence MeasurementsSteady-state emission measurements
were carried out using a Spex fluorolog-3 with the Datamax software.
Wavelength of excitation was 440 nm and steady-state emission
intensity was measured in the range 43000 nm. Absolute quantum
yields were obtained by comparing integrated intensities of corrected
emission spectra of Ar-purged solutions of the complexes at®5
with those of fluorescein in 0.1 M aqueous NaOH as referedre=(
0.93)#? Luminescence measurements were performed in the temperatur
range 10°C to 150°C. Two devices were used to cover the temperature
range: a circulating water bath (& to 70°C) and a cell holder with

an electrical heater (20C to 200°C) built in house. Measurements . - : - .
above 150°C are not included in the study because at higher tained from Sigma-Aldrich and used as obtained. Glycer®9q.5%,

temperatures irreversible spectral effects begin to appear. For each of Pectrophotometric grade, water content less than 0.1%), ethylene glycol

0, 1, or 2, the steady-state emission spectra between 580 and 770 nm,(>99'8%)' 1,2-propandioH(99.5%), and 1,3-propandiot ©9%) were

obtained in glycerol, ethylene glycol, and 1,2- and 1,3-propanediol at purchased from Sigma-Aldrich. Argon-purging of the glycerol solution
did not change the emission intensity for either [Ru(pkléh)r [Ru-

10—-150 °C, were collected as columns in matrices and subjected to ]
(phen}dppzF*™ in the temperature range 40450 °C. Poly(dAdT)

factorization by singular value decomposition (SVD; see Supporting -l - .
(Pharmacia Biotech) and calf thymus DNA type | (Sigma-Aldrich) were

Information). . . . ;
Transient Emission MeasurementsNanosecond-to-microsecond used as received and reconstituted in 10 mM NaCl aqueous solution.

emission decay measurements were performed on a setup where th?lesults

exciting light is provided by a pulsed Nd:YAG laser (Continuum

Surelite 11-10, pulse width= 7 ns) pumping an OPO (optical parametric Absorption and Linear Dichroism. Absorption spectra of
oscillator) giving a tunable wavelength between 400 and 700 nm. the metal complexe§, 1, and2 in 1,2-propanediol (spectra
Emitted light is collected at an angle of 9¢elative to the excitation obtained in the different solvents used here were practically
light and is sent through a monochromator (symmetrical Czerny-Turner superimposable) are shown in Figure 1. As can be observed
arrangement) and detected by a five-stage Hamamatsu R928 photoyy, o eyl substitution on the dppz ligand has a negligible effect
multiplier tube. Decays were collected and averaged by a 200 MHz on MLCT absorption band at 440 nm: however, the perturbation

digital oscilloscope (Tektronix TDS2200 2Gs/s) and stored by a f the d h h is signifi in the i i d
LabView program (developed at the department), which controls the ©f th€ dppz chromophore is significant in the intraligan (IL)

whole instrument setup. The oscilloscope is triggered by a signal that 7" bands around 375 nm and 300 nm.
is provided by an electronic laser controller. Binding of the metal complexes to calf thymus DNA was
In the experiments an excitation wavelength of 450 nm was used studied using linear dichroism (LD), and spectra are shown in
and emission decays were probed at 600, 650, and 700 nm for theFigure 2. Flow LD spectra dd, 1, and2 bound to calf thymus
measurements in different solvents and at 610 nm for the measurementDNA differ significantly only at the position of the IL bands at
in DNA. In general 16 decays were collected and averaged for each 375 and 300 nm. In these IL bands, the difference in absorption
ts:r;rg\?er:-th;hi?:(;gérc:dt;ieoﬁnglt’ltrlg E‘;‘:‘;‘I’ZS kept below 20 mJ/pulse 5 | D of the methyl-substituted complexes, obtained by
' Flow Linear Dichroism. Lineer dichroism (_LD) is_ defined as the f]gstera\;trltr;%”t;? dsé%?i(;t;lljr:hg;;ze (S:eegtugg?r?i:}:l I?]?c()jrag,tion)
difference in absorbance of linearly polarized light parallel and . ) . . )
perpendicular to a macroscopic orientation axis (here the flow direc- The reduced linear dichroism calculateq for these difference
tion):: spectra show that the perturbed transition moments have an
effectively perpendicular orientation relative to the helix axis
LD(4) = A(4) — Ay(4) @ of DNA, perfectly in agreement with the notion that the
dominating effect of methyl substitution is a perturbation of
the in-planer—* transitions of the dppz ligand. We conclude
LD'(2) = LD(A)/A(R),o, @) that the intercaletion binding geometries of the enanti.omere of
0, as well as their characteristic effects on the DNA orientation
whereAs, represents the absorbance of the same isotropic sample. Thefactor, remains identical after methyl substitution.

The reduced linear dichroism L5 calculated as

LD of a single electronic transition, in a flow oriented sample can Quantum Yield and Excited-State Decay in DNA:For all
be written as three pairs of enantiomers, the luminescence quantum yields
3 and lifetimes were in general found to be roughly comparable
LD =533 cod o; — 1) () whether intercalated in natural, mixed sequence calf thymus

DNA or in the synthetic polymer [poly(dAdT)[Table 1). Thus,
wherea; is the angle between the transition moment and the molecular when discussing the results we will use the data from the latter,
orientation axis, in this case, the DNA helix axis, aBdlenotes the more well-defined System_ For all six Comp|exeS, the lumines-
degree of DNA orientation,© S < 1. Samples with ruthenium complex  cence decay curves had to be fit with two lifetimes. In [poly-
and DNA were oriented in a Couette flow cell with an outer rotating (dAdT)], the lifetimes range almost 2 orders of magnitude, from
cylinder at a shear gradient of 300¢*sLD spectra were measured on 3963 ns’ A-1) to 42 ns (-0), although the pre-exponer,1tial
a Jasco J-720 CD spectropolarimeter equipped with an Oxley prism to factors show no dramatic var’iationS' for the long lifetime the
obtain linearly polarized light All spectra were recorded between 220 range from 34%.-0) to 69% (-2) T’he atio of Igng to short y

0/\- 0 =£).
(41) Barton, J. K.; Goldberg, J. M.; Kumar, C. V.; Turro, N.J.Am. Chem. lifetime is remarkably constant with an average of 5.2 (range
42) f,l";gégs?)_l.o\f\',ozr?gslh_. Seybold, P. Ghotochem. PhotobioR002 75 4.2—7.4) (Figure 3). Another surprisingly constant ratio is that
327, T ' ' of the corresponding lifetimes for th&- vs the A-enantiomer,

15460 J. AM. CHEM. SOC. = VOL. 126, NO. 47, 2004
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Figure 1. Absorbance of [Ru(phegppzE* 0 (bold), [Ru(phemdppz-CH]2*" 1 (thin), and [Ru(phenfippz(CH)2]2" 2 (dotted) in 1,2-propanediol.

0.002 — : . : : : ; Table 1. Photophysical Data for the A- and A-Enantiomers of 0,
1, and 2 Bound to Poly[dAdT], (AT) and Calf Thymus DNA (CT)
0.000
Ru complex DNA D% 71/ns? (/%) T,Ins (/%) Tnatlus  Aem/NM
e 0.002 A-0 AT 7.29 774 (599 134 (41% 7.0 625
5 0,004 : A-1 AT 228  3963(43) 905 (57) 9.7 611
s A-2 AT 19.1 1248 (69) 250 (31) 4.9 616
3 ~0.006 1 A-0 AT 1.37 310(34) 42(66F 9.7 625
-0.008 1 | A1 AT 985 944 (57) 227 (43) 6.5 622
A-2 AT 552 348 (61) 76 (39) 4.4 620
-0.010+ 1 A-0 CT 701 699 (60) 124 (40¥% 6.7 622
ootp b a A-1 CT 2017 3091(62) 587(38)  10.6 611
’ 250 300 350 400 450 500 550 600 A-2 CT 1811 1257(63) 227 (37) 4.8 612
Wavelength / nm A-0 CT 095 233(19) 46 (81y 8.6 632
A-1 CT 913 1299 (46) 277 (54) 8.2 618
A-2 CT 543 360 (60) 82 (40) 4.6 617
0.000
a Absolute quantum yield®) at 25°C. ® The wavelength of excitation
for the transient emission measurements was 450 nm and the emission
e 0.0054 1 wavelength for complex bound to DNA was 610 nm, [base]/[Ru]LO
2 and [Ru]= 3 uM at 23 °C. ¢ Lifetimes anda-values from Hiort et al*’
2 o010 1 .
4 900 ' ' ' o
-0.015 . o 800 . - 1
£ 700+ - g
b z 5 .
-0.020 T r r T T T T o 6004 - 0O 7
250 300 350 400 450 500 550 600 = P 1
Wavelength / nm 3 500 - p - ]
Figure 2. Linear dichroism (LD) spectra of th& (panel A) andA (panel E 400 - ]
B) forms of0 (solid), 1 (dashed), ané (dotted) bound to calf thymus DNA. © 300+ = e
Salt concentration [NaCH 10 mM, binding ratio [nucleotide]/[Ru complex] 3 9pp 4 /é ]
= 10, and concentration of ruthenium complex3 uM. Experiments /1j 1
performed at 25C. 100 - g
0 T T T T
0 1000 2000 3000 4000

which has an average of 3.3 (range2412) (Figure 4). The
absolute luminescence quantum yieldsAefl and A-2 when _ o
bound to DNA are both surprisingly high (2@3%), about 3 Figure 3. Short against long lifetime ofA- (black) and A- (gray)

fi that ofA-0. The high t ield d hiah int it enantiomers of the following complexe$: (square),1 (circle), and2 (up
tmes that olA-t. The nigh quantum ylield and ngh INtenSIty: - yiangie) bound to poly[dAdE (filled) and calf thymus DNA (open) are
increase compared to pure water solution (7000 times) shouldshown. Wavelength of excitation was 450 nm, emission was measured at
makeA-1 a valuable luminescent label for DNA. The differ- 610 nm, binding ratio [nucleotide]/[Ru complex] 10, and salt concentra-
ences in quantum yields caused by methyl substitution are everfio? INaCll = 10 mM. Dashed line shows the average ratine/zsHorr
larger for theA-enantiomers, the luminescence quantum yields

of A-1 being 7 and ofA-2 being 4 times higher than that of in itself as an unsystematic variation of the apparent natural
A-0. In contrast, the ratio of lifetime$ vs 2 is on the average lifetimes calculated asnyat = (our1 + 012)/® which range

3.1 (both enantiomers included, range-2376), and the ratio from 4.4 to 9.7. An obvious reason for the discrepancies between
of lifetimes2 vs 0 has an average of 1.6 (range 11.9). This the natural lifetimes calculated for the polyol solvents and for
discrepancy between the lifetimes and the quantum yields showsbinding to DNA is the presence of significant proportions of

Lifetime long /ns

J. AM. CHEM. SOC. = VOL. 126, NO. 47, 2004 15461
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Figure 4. Lifetime for A against lifetime ofA shown for the following
ruthenium complexesd (square),l (circle), and2 (up triangle) binding to
poly[dAdT]; (filled symbols) and calf thymus DNA (open symbols). Long
lifetimes are marked with black color, and short lifetimes, with gray. Dashed
line shows the average ratio lifetinzeylifetime(A) = 3.3.

Table 2. Photophysical Data for 0, 1, and 2 in Glycerol (Gly),
Ethylene Glycol (Eg), 1,2-propanediol (1,2-pd), 1,3-propanediol
(1,3-pd), and Water

Ru complex solvent D% tns ThaTluS Aem/NM
0 Gly 0.13 8.2 6.3 639
1 Gly 0.62 53.8 8.7 625
2 Gly 0.56 31.0 55 621
0 Eg 0.12 7.5 7.1 656
1 Eg 0.88 71.6 8.1 630
2 Eg 0.68 38.3 5.6 626
0 1,2-pd 1.54 85.7 5.6 619
1 1,2-pd 8.59 941 11.0 617
2 1,2-pd 7.72 454 5.9 611
0 1,3-pd 0.46 27.1 5.9 621
1 1,3-pd 4.00 387 9.7 617
2 1,3-pd 3.40 192 5.6 611
0 H>O 0.000 93 758
1 H>0 0.0033 724
2 H>0 0.023 707

a Absolute quantum yield®) at 25°C. P To additional lifetimes of 0.63
ns and 2.3 ns make significant contributions in glycerol af@30°

molecule may also affect the radiative and nonradiative rate
constants differently from the polyol solvents.

Quantum Yield, Excited-State Decay and Temperature
Variation of Emission Spectra in Polyol Solvents.The
qguantum yield ofL, in all four solvents, is slightly higher than
that of 2, the average ratio being 1.2 (range-1113); however,
the average ratio of lifetime& vs 2 is 2.0 (range 1.92.1,
glycerol excluded), and the average ratio of lifetin2ess O is
5.9 (range 5.17.1, glycerol excluded) (Table 2). Thus, the
average of the natural lifetimenar = 7/®, is significantly
longer for1, GnatO= 9.4 us (range 8.1311.0) compared to
5.6 us (range 5.55.9) for2 and 6.2us (range 5.67.1) forO.

The logarithmic plots of quantum yield against temperature
are similar for all three complexes, but the intensity maxima
are higher and are shifted toward lower temperature4 ford
2 (Figure 5). In fact, the effect of methyl substitution on the
log(®) vs T profile of 0 in ethylene glycol can be compared to
that of changing the solvent to 1,3-propanediol. Very interest-
ingly though, all 12 curves still tend to converge to a single
line in the high-temperature limit.

Figure 6 shows the steady-state concentration profiles, and

Intensity

T T T
650 700 750

Wavelength /nm

T
600

Figure 6. Temperature- and solvent-independent emission spectra of the
“B” (solid line) and the “C” (dotted line) species 6f 1, and2, determined
from deconvolution of the emission spectra in the temperature range 10
°C—150°C in the four polyol solvents (glycerol, ethylene glycol, and 1,2-

species with lifetimes short enough to escape detection in theand 1,3-propanediol).
latter case. However, we cannot at present exclude the other

possibility being that intercalation into the relatively rigid DNA

Figure 7, the component B and C emission spectra that were
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Figure 5. Absolute quantum yield (%) as a function of temperaturefdn),

Temperature / °C

1 (b), and2 (c) in the following solvents: 1,2-propanediol (green), 1,3-

propanediol (blue), ethylene glycol (red), and glycerol (black) (for ease of comparison, all spectra are shown as thin black lines in each figure).
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Figure 7. Concentrations of species “B” (solid line) and “C” (dotted line), corresponding to the emission spectra in Figute(black), 1 (red), and2
(green) in glycerol (A), ethylene glycol (B), and 1,2- (C) and 1,3-propanediol (D).
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Figure 8. van't Hoff plots of natural logarithm In([B]/[C]) against inverse temperaftiré for 0 (A), 1 (B), and2 (C) in glycerol @), ethylene glycol [),

1,2-propanediol @), and 1,3-propanediolX).

obtained by SVD-aided deconvolution (see Supporting Informa-  As shown in Figure 7, the relative proportion of B compared
tion) of the steady-state emission spectradk, and2 obtained to C in the steady-state luminescence is much highet somd

in the polyol solvents at 10150 °C. Although the criterion of 2 than compared td. Despite the fact that the calculated
non-negativeness of concentration profiles and componentconcentrations show complicated temperature dependencies, a
emission spectra was sufficient to provide a unique deconvo- plot of the logarithm of the ratio between the calculated
lution only for 0,%° in the case ofl and 2 we used the concentration profiles, In([B]/[C]), against the inverse of the
deconvolution that gave maximal similarity of the B and C temperature, I/ (a van't Hoff plot), gave practically linear
component spectra to the corresponding onds ¢ifideed, the graphs for0O, 1, and 2 in ethylene glycol and 1,2- and
emission spectra of the non-hydrogen-bonded B componentsl,3-propanediol and two linear regions in glycerol (Figure 8).
were then virtually identical for all three complexes, but the  The linearity of the van't Hoff plots strongly supports the
spectra of the C component were also very similar. Taken notion of a rapid equilibrium between B and C, i.e., thats[B]
together with the identical MLCT bands in the absorption spectra = Kgc [C]ss Where

(Figure 1), this observation suggests that the electronic perturba-
tion of the excited MLCT state energies by methyl substitution
is negligible, whether they are hydrogen bonded or not.

AH%gc  ASg¢
RT + R “)

In Kge=—
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Table 3. Enthalpy Change for Breaking a Hydrogen Bond to the
Metal Complex Calculated from a van't Hoffs Plot (In[B]/[C] against
T-1) in Glycerol (Gly), Ethylene Glycol (Eg), and 1,2- (1,2-pd) and
1,3-Propanediol (1,3-pd)

[Ru(phen),- [Ru(phen)dppz-
[Ru(phen).dppz]** dppzCHyJ* (CHa)*
solvent AH (kJ mol 1) AH (kJ mol~%) AH (kJ mol~t)
Gly 19 11 13
Eg 20 11 12
1,2-pd 11 10 14
1,3-pd 11 11 11

with the enthalpy AH°gc) and the entropyAS’°sc) terms being
independent of temperature. The enthalpies for the equilibrium
between C and B, i.e., the enthalpy change for a solvent

molecule to break a hydrogen bond to the excited state, obtainec

from the slopes of the linear portions of the graphs, are given
in Table 3. Very interestingly, thAH® values are little affected

by methyl substitution in the propanediol solvents, indicating
that the strength of a hydrogen bond to the aza nitrogen of the
negatively charged dppz moiety of the excited state remains
the same. The increase in the equilibrium constant found for
and 2 relative to0 in these solvents, thus, has to be due to an
increase iNAS°, supporting the notion that the effect of the
methyl substitution primarily is sterical rather than electronic.
However, theAH® values in ethylene glycol and glycerol, which

Scheme 2. Schematic Model of Relaxation Pathways?

A

E! A .
A @}{_ C_ k.
T @Y

aUpon excitation of an electron fro a d orbital in ruthenium (ground

for 0 are about twice as large as in the propanediols, are almoststate), state B (no hydrogen bond), where the electron is localized on the

the same as those in the other two solventd fand2, although
the equilibrium constants in ethylene glycol and glycerol remain
smaller. Since ethylene glycol and glycerol can be expected to

form a more dense and structured hydrogen-bonded network

around the solute than the propanediols, it seems likely that
this solvent structure would increase coupling of enthalpy and
entropy changes of solvation.

Quite surprisingly, the emission quantum yield2in pure
water at 25°C is 25 times that oD and 7 times that ofl.
Furthermore2 shows a slight decrease of emission quantum
yield with increasing temperature, in contrast to the two other
complexes that show an increase. This anomalously high
quantum yield in water fo2, which with its two methyl groups
has the largest hydrophobic area of the three complexes
underscores the importance, for strongly hydrogen-bonded
solvents, of the complete solvation shell around the charged
dppz ligand in the excited state.

Discussion

Compared to the parent [Ru(phetppzE™ complex0, the
homologuesl and2 methylated in the distant benzene ring of

ppz ligand, is rapidly formed from the intermediary state(s) A. State C
and D are two subsequently formed excited states which corresponds to
one or two solvent molecules (depicted as diamonds) hydrogen bonded to
the phenazine nitrogens on the dppz ligand.

to the lone pairs of the two aza nitrogens can form species C
and D, in which just one or both of these nitrogens are hydrogen
bonded, respectively. Species D was assumed to be nonlumi-
nescent, and from a simple kinetic modeling of the time-
evolution of the emission profile o in glycerol at 25°C,
species C was estimated to have about a 30% lower quantum
yield than B0

Spectroscopic and thermodynamic data suggest that methyl
substitution does not primarily affect the enthalpy of hydrogen
bond formation from solvent, making it less exothermic, but

'instead acts by increasing the entropy cost of hydrogen bond

formation. Surprisingly, the effect of methyl substitution is
almost as pronounced at the more distant 11,12-positio@s in
as in the immediate vicinity of the aza nitrogen in the 10-position
in 1, where it could be imagined to be a direct steric hindrance
to hydrogen bond formation, indicating that the whole solvation
shell around the charged dppz ligand is of importance.

The difference betweerl and 2 in their photophysical

the dppz ligand show dramatically increased luminescence properties in the polyol solvents is mainly in the lifetimes, which
lifetimes and quantum yields in polyol solvents at room are significantly longer forl, seemingly confirming the
temperature. A qualitatively similar, but less dramatic, effect importance of direct sterical hindrance for reducing the rate
of methyl substitution on the photophysical properties is found constant of quenching by hydrogen bonds from solvent.
also when the complexes, in their enantiomerically pure forms, However, since the quantum yields are much more similar, also

are intercalated into DNA in aqueous solution.

the radiative rate constant (the inverse of which is the natural

In the analysis of these observations, we shall adopt the modellifetime) is decreased il compared to2. By contrast, the

previously developed for the parent compouddn polyol
solvents (Scheme 2§.Within the time scale of the present
experiments, we encounter first the dppz-localized charge
transfer state B which initially inothydrogen bonded by solvent

radiative rate constants appear to be roughly simil&amdO.

The excited-state lifetime can be approximated las €
KKy ko)™, under the assumptions that state B is the dominating
species and that the equilibration of the excited states B, C,

when it is formed from the intermediary state or states and D is much faster than the deactivation processes to the
represented by A2 Consecutive hydrogen bonding from solvent ground state (as evidenced by the linear van't Hoff plots of the
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polyol solvents of Figure 8). In this expressidg, = kg + However, our data suggest further that the base pairs in the
kso is the sum of the radiative and nonradiative decay rate floor and ceiling of the intercalation pocket are still shielding
constants of BK; = kyo/k—» andK;; = ks/k_3 are the equilibrium the phenazine nitrogens, since we find that the average ratio of
constants between B and C or C and D, respectively karisl comparable excited-state lifetimes farvs 2 is 3.1 in poly-
the, by assumption, nonradiative decay rate constant of D (see[dAdT], compared to the average ratio 2.0 in polyol solvents,
Scheme 2). At 28C, quantum vyields increase with increasing indicating that the direct steric hindrance by the 10-methyl group
temperature, indicating th&s (andke) is small compared to  of solvent hydrogen bonding to one of the aza nitrogerkief
KiK; ko and that the latter actually decreases with increasing of greater importance in DNA than it is free in solution.
temperature due to the exothermicity of hydrogen bond forma- A very interesting observation is the surprisingly constant
tion. From Figure 8K, can be estimated to be very similar for ratio of the short and the long lifetime in the DNA systems
1 and2; however, we cannot tell whether the increase in lifetime (Figure 3), suggesting the two lifetimes have similar structural
for 1 is due to a smalleK; (which would be expected if the origins in all six systems, origins that are thus not much
10-methyl group excerted a steric hindrance for formation of perturbed by methyl substitution or Ru center chirality. Although
the second hydrogen bond) or a smakKgrThat the latter may it is premature to give a definitive answer to the question of
in fact be the case is supported by the observation that thethe structural nature of the biexponential decays of Ru(ll)-dppz
lifetime of 1 compared t@ is still about twice as long in 1,2-  complexes intercalated into DNA, we may rule out the pos-
propanediol at 80C, whereks now dominates oveKKkp sibility that the two lifetimes might have an origin in the
(data not shown), thus not only the radiative rate condtgnt sequential formation of hydrogen-bonded species, similar to the
but also the nonradiative rate constgg can be concluded to  case in glycerol, since the magnitude of the (positive)alues
be smaller in1 compared t@®, indicating that we cannot rule  precludes that the long lifetime, which is associated with the
out thatkp might as well be sensitive to the position of the less red shifted spectra and hence little hydrogen bonding, is
methyl substitution on the dppz ligand. an intermediate or precursor to the more red shifted species,
When bound to poly[dAdT] the average ratio of comparable associated with the short lifetime.
excited-state lifetimes fo2 vs 0 is 1.9, which is significantly
smaller than the average ratio 5.9 found in the diol solvents (in
these solvents the two complexes were found to have very Methyl substituents on the distant benzene ring of the dppz
similar natural lifetimes[@nar0= 5.6 us and 6.2us for 2 and ligand in [Ru(phemydppzf* strongly diminishes solvent hy-
0, respectively). If the water molecules primarily would access drogen bonding to the excited state due to entropy, rather than
the phenazine nitrogens from the groove opposite to the one inenthalpy, factors. The observation that the solvent hydrogen
which the Ru(ll) ion resides in the intercalated DNA binding bonding decreases both for the 10-methyl as well as for the
mode, the effect of the 11,12-dimethyl substitution on the 11,12-dimethyl derivative indicates that the effect is a steric
solvation, and hence the water quenching rate, would have beerperturbation of the whole solvent cage around the molecule. In
expected to be even more pronounced than in the pure solventgontrast to the 11,12-dimethyl derivative, 10-methyl substitution
(especially since the luminescence quantum yield iof water decreases both the radiative and the nonradiative rate constant
is approximately 25 times larger than that@f On the other for decay to the ground state of the non-hydrogen-bonded
hand, if the quenching by water mainly takes place from the excited-state species. The effects of methyl substitution is
groove where the Ru(ll) ion resides, the rates would be expectedsmaller when the complexes are intercalated into DNA, sug-
to be less affected by the 11,12-dimethyl substitution which is gesting that the water molecules that quench the excited-state
in fact what we observe. However, if the dppz ligand was deeply access the aza nitrogens of the dppz ligand from the groove
intercalated, with the phenazine nitrogens at the center of thewhere the Ru(ll) ion resides. And, the almost constant ratio of
base pair in the intercalation pocket, the phenanthroline part of the long relative to the short lifetime in all the 12 DNA systems
the dppz ligand would be expected to be a severe steric suggests a structural origin to the two lifetimes that is practically
hindrance for water hydrogen bonding to these aza nitrogensinvariant to methyl substitution or Ru center chirality.
by this path. Thus, our data suggest that the aza nitrogens of
the dppz ligand are rather close to the edge of the base pair
that faces the Ru(ll) ion. This notion is perfectly consistent with
the suggestion by Barton et@lthat theA-enantiomer fits less
well into the groove for an intercalative binding mode, since
we observe that the luminescent lifetimes are on average 3.5
times longer for the\- compared to thé-enantiomers (Figure
4), which indicates that the phenazine nitrogens\oindeed
are more accessible to water molecules. JA047166A

Conclusions

Supporting Information Available: Differential absorption
and LD spectra of), 1, and2 bound to DNA. The absolute
guantum yield as a function dffor 0, 1, and2 in water. Steady-
state emission spectra of the three complexes in polyol solvents
and bound to DNA. Analysis and deconvolution of emission
spectra with singular value decomposition. This material is
available free of charge via the Internet at http://pubs.acs.org.
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