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Abstract: Resonance Raman (RR) spectroscopy has been used to probe the interaction between dipyridophenazine
(dppz) complexes of ruthenium(ll), [Ru@®ppz)F" (L = 1,10-phenanthrolinelf and 2,2-bipyridyl 2)), and calf-

thymus DNA. Ground electronic state RR spectra at selected probe wavelengths reveal enhancement patterns which
reflect perturbation of the dppz-centered electronic transitions in the-\Wil/spectra in the presence of DNA.
Comparison of the RR spectra recorded of the short-lived MLCT excited states of both complexes in aqueous solution
with those of the longer-lived states of the complexes in the DNA environment reveals changes to excited state
modes, suggesting perturbation of electronic transitions of the dppz ligand in the excited state as a result of intercalation.
The most prominent feature, at 1526 thappears in the spectra of batrand2 and is a convenient marker band

for intercalation. Fod, the excited state studies have been extended tA #ed A enantiomers. The marker band
appears at the same frequency for both but with different relative intensities. This is interpreted as reflecting the
distinctive response of the enantiomers to the chiral environment of the DNA binding sites. The results, together
with some analogous data for other potentially intercalating complexes, are considered in relation to the more general
application of time-resolved RR spectroscopy for investigation of intercalative interactions of photoexcited metal
complexes with DNA.

Introduction and heterogeneous media, reflected in the latter instance in their

| ¢ iderable attention has b devoted t ability to provide valuable insight on the effect of microhet-
n recent years, considerable atténtion has been devote 0erogeneous environments such as colloids or micgllesevious
the design of small, non-radioactive molecules capable of

: o : ) ) RR investigations of the interaction of Ru(ll) complexes with
selectively binding to nucleic acids? To characterize the 9 (1n P

. X . .. DNA have been limited to cases of relatively low binding
nature of t_he Interactions involved and to exp_lore the possible affinities 87 most probably nonintercalative. Some evidence of
photophysical implications, a range of techniques have been porphyrin intercalation into DNA has however been detected
brought to bear, including time-resolved luminescence methods, successfully by the RR technig@e
linear dichroisnf2 and calorimetny? Y Dy The -chnigae. . _

’ 7 Due to their high affinity toward DNA, mixed ligand
Resonance Raman (RR) and time-resolved resonance RamanmpIexes of the type [Ru(bdppzE* (L = 1,10-phenanthroline

(TR® methods are particularly effective for probing the hirridi . — dinuri .
vibrational structure of the excited states of transition metal and (ngeg])p%)eniinbel)p yr:gj\;zeb(:gz ) irg\)/’egtpi)g;teddilr?yggr?][g ,?jg’.&ail

organ_ometa}lllc complexés. Ar_1 attractive feature of these Barton and co-workers have proposed an intercalative binding
techniques is versatility, enabling studies in both homogeneousrnode of the dppz ligand with DNA, resulting in a significant

T Queen’s University. enhancement of the emission from the lowest MLCT excited
Trinity College. staté® and prompting the proposal that the complex can act as
® Abstract published imtdvance ACS Abstractsuly 1, 1997. a molecular “light switch” reporter of DNA intercalation.
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interactions of the MLCT excited states of the enantiomers with
the chiral, microheterogenous environment of the DNA. (@

Experimental Section

Chemicals. Calf thymus DNA and RuGixH,O were purchased S
from Aldrich Sigma, phenanthroline and bipyridfnfeom Merck. A
and A Ru(phen)phendione(P§, were a gift from P. Lincoln and B.
Norden. Dppz was prepared as described by Norden‘gtldterature
method&were used for preparation of racemic [Ru(phdppz]Ch and
[Ru(bpy)xdppz]CL. DNA was dialyzed three times in pH 7 phosphate
buffer (102 M). UV —vis spectrophotometry was employed to check
DNA purity (AzssAze0 > 1.9) and concentratiors & 6600 dni mol* ()
cmt at 260 nm). All measurements were obtained from solutions
which were~10"* M in metal complex. An aerated phosphate buffer
(20 mM phosphate, 50 mM NaCl, pH 7) was used to provide an aqueous
environment. The ratio of [DNA phosphate]:[Ru] employed throughout . '
was 20:1, to ensure strong interaction of the complex with binding 400 500 600
sites. Wavelength / nm

[Ru(dppz)s|Cl2. RuCk-xHz0 (260 mg:1.0 mmol) was refluxed for  Figure 1. UV—vis spectra of [Ru(phes)dppz)E* (a and b) and

24 h with excess dppz in ethanol (1.0 g:3.5 mmol). The evolution of [Ru(bpy)(dppz)E* (c and d): (a and c) in buffer; (b and d) [DNA-
the reaction was followed by UWvis spectrometry. After reaction  phosphate]:[Ru] ratio of 20:1.

completion, the mixture was purified on Sephadex SP-C25 (eluent
water/ethanol 20:80, HCI 0.5 M) and precipitated as thesak. NMR

in DMSQy,: 9.68 (d), 8.56 (dd), 8.41 (d), 8.22 (dd), 7.99 (dd). Overall

yield 12%. The chloride salt was obtained by ion exchange

Absorbance
)

transient) and flash photolysis studies was typically“1@ol dni3,
throughout the investigation.

chromatography: Sephadex A25 (1 cm10 cm). Results

A and A [Ru(phen)dppz](PFg),. A 20 mg:0.021 mmol mixture While the primary focus of this study was the behavior of
of A or A [Ru(phen)phendione](Pkj. was refluxed with an excess of  the lowest MLCT excited states df and 2 in the DNA
1,2-diaminobenzene (10 mg:0.092 mmol) in a 5/1 EtOH;CM environment, a parallel study of the ground electronic states,

mixture in the pres.e.l"lce qb'toluenesulfonic aC|d for 24 h. The espeCla”y Of the resonance Raman Spectroscopy us|ng CW
complexes were purified on Sephadex SP-C25 using a water:EtOH 5/1,qx citation, provides an important baseline for comparison.
NacCl (0.3 M) mixture as eluent and precipitated ag B#ts: overall Ground State. Figure 1 shows the changes which occur in
. 0 .
yields 85%. . . . ) the UV—vis spectra for botll and2 in the presence of DNA.
Instrumentation. UV —vis absorption spectra were recorded with The spectral chanaes are consistent with bublished“dafae
a diode array spectrophotometer (Hewlett Packard Model 8452A). pect 9 . pub
most striking effect is observed in the absorption band near 374

Ground state Raman spectra were recorded with a CCD detector . . - " .
(Princeton Instruments Model LN/UV 1152) coupled to a Jobin-Yvon nm, assignable to an intraligand (IL) transition of the dppz entity,

HR640 spectrometer. The excitation source was anaser (Spectra  inVolving a marked decrease in intensity coupled with a red
Physics Model 2025) with outputs at 351 and 363.8 nm and in the Shiftin Amaxto 382 nm. The broad, poorly-resolved absorption
visible range 456528 nm. in the visible region, arising from MLCT transitions to both
Laser flash photolysis and time resolved excited-state absorption dppz and phen/bpy ligands, also undergoes a slight intensity
(ESA) measurements employed rapid response spectrophotometricdecrease and further band broadening in the presence of DNA,
detection coupled to a digitiser (Tektronix 7912AD) for single channel with an isosbestic point at 480 nm.
transient kinetic studies and a gated dual diode array multichannel Ground state resonance Raman spectrd @nd 2 were
detector (Princeton Instruments Model DIDA 700G) to record ESA recorded at excitation wavelengths of 457.9 and 488 nm, both
Eg?g\}\:ﬁljcﬁgggﬁ&;‘\f‘;gﬁ;ﬁf%’j&ﬁzg Erhznf;'ge'?;s”&g”nf;“xgz (se€ i puffer solution and in the presence of DNA. Figure 2 shows
provided by Q-switched Nd:YAG lasers (Spectra Physics Models DCR2 the .SpeCtra at both eX.CItatK.)n wavelen_gths fomn the_ tWQ
and GCR3) operating at 355 or 532 nm, coupled to a dye laser or 4 environments. To assist with the assignment of vibrational
stimulated Raman wavelength-shifting cell filled with br CH,. modes, a ground state resonance Raman spectrum was also
Excited state resonance Raman spectra were generated by the wellfecorded of the homoleptic complex [Ru(dpj}z) at an
known single-color pump and probe metibt in which the leading excitation Wav_elength of {157.9 nm, enabling the identification
edge of the laser pulse incident on the sample pumps the moleculesOf dppz-associated vibrations at 1600, 1575, 1495, 1472, 1448,
into the excited state and the trailing edge probes the Raman scattering1407, 1359, 1311, 1264, and 1188 ©m(Figure 3). Two
Samples were contained in spinning cells in order to minimize the Significant points emerge from comparison with the RR spectra
possibility of thermal degradation and/or photodegradation, especially of 1. Firstly, in the absence of DNA, it is apparent (Figure 2)
where relatively long spectral accumulation times<16 min) at a on switching from 457 to 488 nm excitation that the relative
pulse repetition rate of 10 Hz were required to obtain transient RR intensities of dppz features increase with respect to phen
signals of good signal quality. The transient spectra were recorded features, suggesting that the degree of resonance enhancement
with @ multichannel detector (EG&G OMA lll with Model 1420B 4 gpp7 vibrational modes becomes greater at longer wave-
'c?éi?sr']f'%igg:ﬁ;;tg%gﬁ:ﬁe’;gé%Zr:;'plsligiﬁgn}ztse\:g;'Tplii'a'é"house lengths. Secondly, it is clear that a lowering in intensity of
gn, y P g ypicasi dppz features with respect to phen features occurs upon DNA

3 mJ for the excited state RR experiments and somewhat higher for o . -
flash photolysis and ESA measurements, in the region of 10 mJ. The addition, but the extent of this effect evidently decreases toward

concentration ofl and2 used for resonance Raman (ground state and longer probelwa.velengths.. Indeed,. in the spectra recorded with
488 nm excitation the difference in degree of enhancement
(9) Ru(bpy}** and Ru(phenf§* were available in high purity from between the dppz and phen modes is negligible. An entirely

pri\fgfégggkh K. C.; McGarvey, J. lnorg. Chem.1991, 30, 2986. analogous situation_holds for the [R“(bﬁ?WPZF complex. .
(11) Damnge’r, R. E.. Woodruff, W. HJ, Am. Chem. Sod979 101, To explore the region of dppz-centered intraligand absorption,

4391, ground state resonance Raman spectra of the complexes were
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Figure 2. Ground state RR spectra of [Ru(phgdppz)F" recorded buffer; (c and d) [DNA-phosphate]:[Ru] ratio of 20:1.
atdex: 457.9 nm (a and b); 488 nm (c and d); (a and c) in buffer; (b
and d) [DNA-phosphate]:[Ru] ratio of 20:1. P and D denote phen and
dppz modes. 0.04 -
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Figure 5. Transient absorption spectra of [Ru(phétppz)f" recorded
in the presence of DNAlex = 355 nm: (a) point-by-point absorbance
difference AA) spectrum uncorrected for ground state depletion; (b)
excited state absorption spectrum, recorded with use of a gated
. ‘ . : . multichannel diode array, 30 ns after laser excitation (spectrum corrected
1200 1300 1400 1500 1600 for ground state absorption).

Raman shift / cm’!

Figure 3. Ground state RR spectra of Ru(dpg2)in ethanol (solvent
bands subtracted) recorded/at: 457.9 nm.

spectra in the presence of DNA are readily observed on the
nanosecond time scale. The point-by-point absorbance differ-
ence AA) spectrum forl is shown in Figure 5a, exhibiting
recorded with 363.8 nm excitation, both in buffer solution and features both to the blue and to the red of the ground state
DNA bound, as before. Spectra recorded at this wavelength depletion. Also shown (Figure 5b) is an ESA spectrumilof
for both 1 and 2 in buffer alone are very similar, consisting recorded 30 ns after laser excitation and corrected for ground
largely of modes assignable to dppz (Figure 4). Closer state depletion. Spectra®fecorded under identical conditions
inspection, however, shows minor differences, with weak are very similar. Decay of thAA signal in the presence of
features attributable to bpy or phen in the respective spectra. INDNA was clearly nonexponential, consistent with the indepen-
the presence of DNA a marked decrease in resonance enhancegent findings from earlier luminescence decay measureriehts.
ment of dppz features is evident across the entire spectrum for Transient resonance Raman experiments were performed with
either complex. Although weak, the remaining features can be use of the single-color laser pulse technique at excitation
observed to be in the same positions as the bpy/phen modesvavelengths of 480 and 355 nm on complegesnd?2 in the
identified in the spectra recorded in buffer alone. presence and absence of DNA. Figure 6 shows spectra recorded
Excited State. In aqueous buffer solution, in the absence of for 1 with pulsed 480 nm excitation. For the complex in buffer
DNA, we have been unable to observe excited state absorptionsolution (trace a), the pulse energy is sufficiently low and the
(ESA) spectra on a nanosecond time scale for either 2. excited state lifetime sufficiently short that no appreciable
This observation is consistent with the repoftedbsence of population of the excited state occurs and the spectrum mainly
luminescence from either complex in agueous solution on this displays ligand vibrations, enhanced in resonance with electronic
time scale. Very recent wotkby Barton, Barbarzgt al. reports transitions from the ground state. Following the addition of
a lifetime of 250 ps forA-Ru(phen)dppZ*. However, ESA DNA, however, a spectrum recorded at the same pulse energy
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Raman shift / cm™ Figure 8. Scaled subtractions of spectra shown in Figure 7. [Spectra
Figure 6. Excited state resonance Raman spectra of [Ru(gloepg)E+ recor_ded in the presence of DNA][spectra recorded in aqueous buffer
recorded with use of the single-color laser pulse technique (laser pulseSolution] of (@) [Ru(phenjdppz)F* and (b) [Ru(bpyXdppz)F*. Each
durationca. 8 ns; see Experimental Section for details).at= 480 subtraction is scaled for complete removal of the 1366 cdppz™
nm; pulse energy 3 mJ: (a) in buffer; (b) [DNA-phosphate]:[Ru] ratio feature. NL denotes neutral ligand modes of the corresponding ancillary
of 20:1; (c) a subtraction spectrum,<{ba), scaled for complete removal ligands.

of residual dppz ground state features.

which can be attributed to the coordinated dppadical anion,

on the basis of their common observation in the spectra of
and2 and the fact that they increase with increasing laser power.
The addition of DNA resulted in significant changes to the
excited state spectra for bothand2, as shown by traces c and

d in Figure 7. Initial inspection indicates that the intensities of
several dppz features decrease with respect to the correspond-
ing neutral ligand modes of the ancillary ligands. Figure 8
shows the result of subtracting spectra recorded in buffer for
each complex from those recorded in the presence of DNA.
[The subtractions were scaled to the 1366-¢rand (Figure

7) in order to cancel the dppZeatures.] For each subtracted
spectrum, it is evident that the remaining features are attributable
mainly to neutral ligand vibrations (& phen or bpy), possibly
enhanced through resonance with LMCT transitions in the
respective [RU(L).dppz~]3" excited states populated within
the laser pulse. These neutral ligand modes are more evident
in the spectra ofl than of2 simply as a consequence of the
greater RR scattering cross section of the bpy compared to the
phen ligand>13 More significantly, however, the subtracted
spectra for both complexes show a prominent additional feature
Raman shift / cm-! at 1526 cm!, which is not due to neutral ligand in the

Figure 7. Excited state resonance Raman spectra of [Ru(g(cepe)F* [Ru”'.(L)gdppz 17" excited st.ate, nor to ground state dpPZ-
(a and c) and [Ru(bpyidppz)E* (b and d) recorded with the single- This band appeared consistently in spectra recorded in many
color laser pulse method (laser pulse dura@an8 ns) atle = 355 independently prepared samplesloand2 in aqueous buffer
nm (pulse energy was such that essentially 100% conversion wasbut only in the presence @NA. Moreover, the band could
achieved): (a and b) in buffer; (c and d) [DNA phosphate]:[Ru] ratio be observed at the commencement of a period of spectral
of 20:1. accumulation and, apart from the expected improvement in
as for trace a showed a marked diminution of ground state dppzsignal to noise with accumulation time, there was no increase
features, consistent with depletion of the ground state by the in relative signal height, effectively ruling out the possibility
laser flash under these conditions (trace b). Subtraction of that the feature might have been the result of sample photode-
residual dppz ground state modes {ba), reveals modes composition. A feature at 1526 cthwas also observed in the
attributable to neutral phen. A similar situation obtains for the RR spectra ol and2 in acetonitrile, recorded with use of pulsed
spectra of recorded under equivalent conditions. In this case 355 nm excitation, under conditions of power and beam focus
(spectra not shown), only modes attributable to neutral bpy similar to those employed for the experiments in DNA shown
ligand remain, following subtraction of dppz features. in Figure 7. In addition to the 1526-crhband, several other
Spectra recorded in the presence and absence of DNA forfeatures attributable to dppzwere evident in the spectra
both 1 and 2 at higher pulse energies and at an excitation recorded in MeCN solution, as well as a number of bands due
wavelength of 355 nm are shown in Figure 7. The conditions to neutral ligand modes (phen or bpylimnd2, respectively}*
in this case in either environment are such that a large conversion
to the MLCT excited state of the complex under study is brought 19é172)2g“1’22g C.V.; Barton, J. K., Turro. N. J.; Gould, I. Rorg. Chem.
about. Consistent with this, the RR spectra recorded famd (13) Chang, Y. J.; Xu, X.: Yabe, T.; Yu, S.; Anderson, D. R.; Orman,
2in buffer (Figure 7, traces a and b) clearly reveal several modesL. K.; Hopkins, J. B.J. Phys. Chem199Q 94, 729.

Intensity

1000 1200 1400 1600
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] ) with use of the single-color laser pulse techniquel@t= 355 nm:
Figure 9. ESA spectra recorded of enantiomers of [Ru(pkeppz)f* spectra recorded in the presence of DNA ([DNA phosphate]:[Ru] ratio
in the presence of DNAJex = 355 nm, at 30 and 70 ns after laser  of 20:1) — spectra recorded in aqueous buffer solution. The region
excitation, uncorrected for ground state depletion. surrounding the 1526-cm feature only is displayed: (a; (b) A; (c)

average ofA and A spectra (i.e{spectra at b}/2]; (d) the racemic
For comparative purposes, transient RR spectra were alsomixture.
recorded for the complex [Ru(bp§j"™ at the same two
excitation wavelengths, 480 and 355 nm. In contrast to the
situation with1 and2, the spectra observed for Ru(bgh)were
independent of the environment, i.e. buffer solution or DNA.

Studies with Enantiomers. Transient resonance Raman and
ESA spectra were also recorded for optically ptveand A
enantiomers ofl. At a given pulse energy, the ESA spectra
recorded for the two enantiomers in the presence of DNA over
the spectral range 382400 nm were indistinguishable, closely
resembling the spectrum of the racematd gshown in Figure
5. Figure 9 shows ESA spectra for each of the DNA-bound
enantiomers ol recorded at delays of 30 and 70 ns after laser
excitation. The more rapid decay of th& enantiomer is
apparent and in line with the lower luminescence quantum yield , , , ,
reported for this enantiomer when intercalated. 1000 1200 1400 1600

Transient resonance Raman spectra recorded for each enan-. _ Raman shift / et _
tiomer by the single-color technique with 355 nm excitation Figuré 11. Excited state resonance Raman spectra of enantiomers of

. . ) . . [Ru(phen)(dppz)F* in acetonitrile, recorded within the pulse duration
are shown in Figure 10. As in the experiments yv_|th the (<10 ns) alle, = 355 nm: pulse energy 3 mJ: (&)form: (b) A form.
racemates ol and?2, the pulse energy used was sufficient to
ensure a high degree of conversion to the MLCT excited state Discussion

in both the presence and absence of DNA. Following the  consideration of both the ground and excited state resonance
approach used above, the transient RR spectra recorded for th@aman (RR) spectra illustrates the value of RR spectroscopy
individual enantiomers in buffer solution were subtracted from a5 a probe of intercalation, with the ability to highlight changes
the corresponding spectra of the DNA-bound species. Thein the vibrational mode patterns of the ligands involved.
results are displayed in traces a and b of Figure 10. Itis apparentpiscussion of appropriate spectral features of the ground states
that the intensity of the 1526-cth band is greater for thé is a necessary prelude to examination of the excited state data,
enantiomer than for th& form. For comparison, trace ¢ shows which are the primary focus of the overall investigation.

the average of the spectra of the individual enantiomers and The most marked changes which occur in the ground state
trace d the corresponding spectrum of the racemate dfhe (CW laser-excited) RR spectra of complexeand?2 (Figures
excited state RR spectra of the two enantiomers have also beer2 and 4) are associated with the intercalating dppz ligand.
recorded in acetonitrile and are shown in Figure 11. In this Consideration of the data in Figure 2 enables at least a partial
case the 1526-cm band again appears, but the relative intensity resolution of the contributions to the broad MLCT absorption

Intensity
G &

is identical for the two enantiomers. in the visible region near 450 nm (Figure 1). In particular, the
increase in relative intensities of dppz features with respect to
(14) Attempts to record RR spectra of the dppzadical anion, phen features on moving from 457 to 488 nm excitatiori of

electrochemically generated from the dppz ligand in a thin Ia){er electrode suggests that the dppz component of the MLCT absorption lies
cell, proved impossible due to strong sample luminescence: Waterland, . .
M. R.. Gordon, K. C.; McGarvey, J. J.; Jayaweera, P. M. Paper in [© the red of the phen component (or in the corresponding case

preparation. of 2, the bpy component), consistent with the respective degrees
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of m-acceptor character of the ligands. Upon addition of DNA, state phen modes arising from resonance with the ground
a lowering in intensity of dppz features with respect to phen electronic state MLCT transition since the marked reduction in
modes, which is evident in the spectra probed at 457 nm (Figureintensity of dppz modes indicates significant depletion of the
2a,b) but hardly discernible in the corresponding spectra ground state by the laser pulse. (Spectra recorded at a similar
recorded with 488 nm excitation (Figure 2c,d), suggests that wavelength, 488 nm, but usingW excitatiorshow no change
upon intercalation the dppz component of the MLCT absorption in band intensities upon addition of DNA.) Furthermore, the
band undergoes not only a lowering in intensity but also a red intensity distribution for the phen modes in Figure 6 is not that
shift1®> The corresponding spectra f@ point to a similar expected for resonance with the electronic ground state transi-
conclusion. This link between MLCT band shift and the tion. The most reasonable conclusion is that these phen modes
intercalation of a ligand L appears to be more widely applicable, may arise as a result of resonance with a LMCT [pheRu"]
as studie® on the complex [Ru(tapdppzE™ (tap = 1,4,5,8- transition of the excited state species, expected to be populated
tetraazaphenanthrene) seem to demonstrate. In this case, chargby excitation at 480 nm if the excited state lifetime is increased
transfer transitions to tap and dppz ligands are more clearly upon intercalation to DNA. Again, this is consistent with the
separated than ifh or 2, with Amax located at 454 and 412 nm, earlier report®€ of enhanced and longer-lived luminescence
respectively, in agueous buffer. Addition of DNA results in a from the lowest MLCT excited state of the DNA-intercalated
well-defined decrease in intensity and accompanying red shift complex.
to 420 nm of the 412-nm band, but the 454-nm band remains  The appearance of several features attributable to the radical-
largely unperturbed. like dppz~ ligand in the 355 nm excited RR spectralbfind

The higher energy band near 360 nm in the spectthasfd 2 recorded in buffer (Figure 7) points to electron localization
2 is primarily attributable to dppz-centered intraligand absorp- on the dppz moiety in the lowest MLCT excited states of both
tion, as the RR spectra recorded with CW excitation at 363.8 complexes. The new feature common to the excited state RR
nm (Figure 4) indicate. The observed vibrational features are spectra of both, which appears at 1526 énut only upon the
largely assignable to dppz mod€sand the decreases in band  addition of DNA (Figure 8), is also assigned as a mode of the
intensities upon addition of DNA are readily correlated with dppz- radical anion. Evidently, it arises through resonance with
the significant lowering in intensity of the intraligand band a m*—x* transition of dppz, which is distinct from that
(Figure 1) upon intercalative binding to DNA. observed in the absence of DNA and is apparently linked to

In aqueous buffer solution, in the absence of DNA, decay of the intercalative interaction of the dppz ligand with DNA binding
the lowest MLCT excited states of these complexes is extremely sites. The fact that the appearance of the band is independent
efficient. The well-established enhancement of the MLCT- of the ancillary ligands is consistent with this proposal, since
centered emission, which occéftaipon addition of DNA, is  they do not intercalate with the binding sites. Further measure-
indicative of a longer excited state lifetime under these condi- ments in progred8 illustrate the more general use of the
tions, and the readily observed ESA spectra of the lowest MLCT transient RR technique to probe the excited states of other
excited states of or 2 in the presence of DNA (Figure 5) are intercalating or partially intercalating complexes. One ex-
consistent with this. The absorption features appearing to theamplé8 is the complex [Ru(bpy]HAT)]?" (HAT = 1,4,5,8,9,12-
blue and to the red of the ground state depletion are attributablehexaazatriphenylene). In this cé%the lifetime of the lowest
to w* —z* transitions of the coordinated dppdigand on which MLCT excited state is measurable in both aqueous buffer and
the electron is localized in the MLCT excited state, as confirmed DNA. While the ESA spectra in the two environments are
by the transient resonance Raman spectra referred to earlieindistinguishable, preliminary resulfs from transient RR
(Figure 7) and considered further below. measurements show enhancement patterns of excited state

The marked diminution of ground state dppz features in the modes of HAT- in the DNA-bound complex, which are
480-nm pulsed laser-excited RR spectrum @fFigure 6) upon different from the pattern in agueous solution, thus providing
addition of DNA is the result of depletion of the ground state more concrete evidence of intercalative interaction of the HAT
by the laser flash. That this is most likely the case and that the ligand in this instance. The contrasting observation in relation
depletion of dppz modes is not merely the result of a decreaseto the RR spectra of the lowest MLCT excited state of
in the degree of resonance enhancement at the probe wavelengtiRu(bpy}?* is interesting. In this case, the spectra recorded in
caused by shifts in the ground state Y¥ls absorption spectrum  buffer solution or in the presence of DNA are identical, as should
upon addition of DNA (Figure 1), is suggested by the fact that be expected since this complex is known to bind to DNA
480 nm is an isosbestic point for the spectra shown in Figure without intercalation.
1. The modes due to neutral phen which emerge when residual Since the feature at 1526 chatttributed to a mode of dppz
dppz modes are subtracted (trace c, Figure 6) cannot be groungppears in the excited state resonance Raman spectranof

(15) The enhancement patterns observed in the ground state RR spectrg r99°rded in both the DNA a“({' acetpn_ltrlle environments but
at each probe wavelength in the presence and absence of DNA suggest 410t in the aqueous buffer solutions, it is reasonable to regard
lowering of intensity coupled with a red shift of the dppz component of the band as characteristic of a nonagueous environment. While
the MLCT absorption upon intercalation, represented schematically here: it is not possible to make a precise assignment to a particular

Phen . 440nm DPPZ vibrational mode of dppz with the data currently available,
component__, . ‘ 458 nm_ component its appearance in the excited state both in3CN and when
(unperturbed) - : ‘

the complex is bound to DNA, but not in aqueous solution,
suggests that the vibration is particularly sensitive to the
complexation/protonation of the dpp4igand by water, which
has been proposéas the reason for the short lifetime of the
excited state in aqueous environments.

(16) Coates, C. Ph.D. Thesis, QUB, 1996: to be published It is significant that although the transient RR spectra of the
(17) There are minor differences between the spectfzanid2. Closer individual, DNA-boundA andA enantiomers ot (Figure 10)

inspection reveals weak features attributable to phen or bpy, respectively,
suggesting a small degree of overlap in this spectral region between the (18) De Buyl, F.; Kirsch-De Mesmaeker, A.; Tossi, A.; Kelly, J. 8.
dppz intraligand absorption and the MLCT transitions to bpy/phen ligands. Photochem. Photobiol. A, Chert991, 60, 27.
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both reveal the same 1526-cthmode as recorded for the now have a spectroscopic handle that allows a clear distinction
racemate (Figure 8), the relative intensity of the band is greater between the two, with the intensity variations apparently

in the case of the\ enantiomer. In contrast, in GBN, the reflecting the distinctive response of theand A forms to the
feature appearwith the same relatie intensityin the transient chiral environment associated with the DNA binding sites.
RR spectra of the individual enantiomers lof Characterization of the binding of the electronic ground states

To account for the intensity differences in the 1526-ém  of enantiomeric metal complexes to DNA is at a well-developed
mode in the transient RR spectra of the two enantiomers in the stage, particularly as a result of the application of NMR
presence of DNA, one might look first for differences between spectroscop$® The situation with regard to the binding of metal
the ESA spectra of the two forms. Although no immediately complex excited states is less well-developed. While time-
obvious differences appear in the respective ESA spectra (Figureresolved electronic spectroscopy (absorption and luminescence)
9), the explanation for the differences in the resonance Ramanhas been used for detailed kinetic analy8ispectral overlap
data may still lie in this direction, due to the ability of the RR  may sometimes be a compromising feattfreTransient reso-
technique to probe subtle differences in the relative intensities nance Raman spectroscopy, with the ability to selectively probe
of transitions at a given probe wavelength. It is possible to ligand vibrational modes, even where spectral overlap occurs,
envisage two closely overlapped transitions within the-300 clearly has potential in this respect. The results of the
400 nm absorption envelope of the dppzntity, with one investigation reported here have provided a preliminary dem-
yielding an enhancement pattern which is more evident in the onstration of how the technique can be used to distinguish the
RR spectrum seen in water while the other gives rise to a similar excited state intercalative interactions with DNA of metal
enhancement pattern but with the additional 1526-cmode complex enantiomers. The ability to probe the excited state
as observed in the nonaqueous medium4CINor DNA). One interactions of chiral metal complexes is relevant to a number
possible view is that in going from an aqueous to a “nonaque- of aspects of the behavior of photoactivated, DNA-bound
ous” environment small shifts in opposite directions of the complexes, including photocleavage and electron transfer
overlapped transitions at the probe wavelength may occur, processes. In the latter case, for instance, the efficiency of
resulting in slight differences to the relative intensities of the electron transfer quenching of the excited states of metal
transitions at this wavelength, but having a negligible effect on complexes bound to DNA has been shown to be dependent on
the global change in the ESA spectrum, which is a summation metal complex chiralit$e2! Our results suggest that the use
of contributing transitions. Furthermore, it is clearly a perturba- of transient resonance Raman spectroscopy to probe the response
tion of a dppz -localized transition that is responsible for the of chiral molecules to chiral environments is promising and
apparent depletion of dppzmodes relative to neutral ligand  worthy of further development.
modes, which remain unperturbed upon intercalation.
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