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Abstract: Photoinduced electron transfer reactions between photoexcited Rufhtyed) (phen= 1,10-phenan-
throline, dppz= dipyridophenazine) and acceptors Rh(gh)?* and Rh(phenphi®* (phi = 9,10-phenanthrene-
quinone diimine, bpy= 2,2-bipyridine) are compared in micelles and DNA. Both microheterogeneous environments
contain a negatively charged surface and hydrophobic interior and the cationic complexes associate strongly with
each. However, reactions between molecules bound to DNA or to micelles show striking differences which can be
correlated with the unique character of the highly orderedtacked basepairs in DNA compared to the disordered,
aliphatic chains in the micelles. In DNA, Rh(phipy*" quenches *Ru(pheggppZ* on a fast time scale (unimolecular

rate constant 1 s1), whereas no detectable quenching of *Ru(ll) emission by Rh(phkij is observed. In
contrast, both complexes quench equally well in SDS micelles. Although static quenching on the nanosecond time
scale is observed for Rh(pblpy?™ in DNA, reactions in SDS occur dynamically by intramicellar diffusion, with a
bimolecular rate constant of 1.4 108 M~ s1 for Rh(phikbpy?* and 1.2x 10® M~1 s71 for Rh(phen)phi®*.
Reactions on DNA are also shown to be DNA-mediated in that no solvent-isotope effects are observed in the quenching.
In addition, there is enantioselectivity seen in reactions on the right-handed DNA helix but not in the achiral micelle,
indicating that quenching is sensitive to the geometry of intercalation. Efficient electron transfer quenching in DNA
compared to SDS micelles therefore provides evidence against the cooperative association of molecules on DNA
and for the importance of intercalative stacking of the donor and acceptor for fast electron transfer through the DNA
qr-stack.

Introduction on reactions between transition metal complexes which bind

Recent research has focused on electron transfer reaction%o DNA by |r_1tercalat|on ana/or surfacg mteractldris. Intgr-
calation, which for metal complexes involves the insertion of

between molecules bound to macromolecular assemblies such ic h lic ligand b he b . ¢
as polymers, micelles, and biomolecule%. Such systems could one aromatic, heterocyclic ligand between the base pairs o

- ’ ' - L . DNA, derives binding stabilization throughstacking and thus
provide one route to producing long-lived charge separation and,

timatel tificial phot thesis. | - may serve as a sensitive probe of the Dh#stack. In fact,
ultimately, artiicial photosynthesis. In comparing supramo- o, qjeg comparing luminescence quenching of intercalated or
lecular systems, it is important to understand how the host

. . . groove bound reactants demonstrate that intercalation of both
medium manipulates the reactivity of the guest molecules. In

) > .~ the donor and acceptor is required for rapid and efficient
this report, we compare and contrast the photoinduced reaCt'onsquenching.
between transition metal complexes which bind tightly both to
the DNA helix and to SDS micelles. The contrasts in reactions _  (4) (@) Barton, J. K.; Kumar, C. V.; Turro, N. J. Am. Chem. S02986

observed in these two media point to the importance of 108 6391, (b) Purugganan, M. D.; Kumar, C. V.; Turro, N. J.; Barton, J.
sr-stacking within the DNA double helix in mediating electron
transfer chemistry.

Several groups have addressed whetheritistacked bases
of the DNA polymer provide an effective pathway for electron
transfer reaction:1! Studies in our laboratory have focused
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Figure 1. Supramolecular assemblies: schematic pictures of Ru(ghmoe+ and Rh(phijbpy?* bound to DNA by intercalation (left) and to SDS

micelles in the Stern layer (right). Both environments provide binding energy by electrostatic attractions and hydrophobic interactions. The hydrophobic
interaction varies, however, in that B-form DNA contains a highly ordered stack of aromatic heterocycles, while SDS micelles form a disordered

array of aliphatic chains. Arrows indicate that electron transfer proceeds through thesBsteck between spatially fixed reactants, whereas

electron transfer in micelles requires diffusion of reactants.

Our recent investigations of DNA-mediated electron transfer
have taken advantage of derivatives of Ru(pkappZ*, shown
in Figure 1, as a photoexcited donor. Two-dimensional NMR
studied? of A-Ru(phen)dppZ* bound to a hexamer duplex have

preferentially to sites on the DNA which are opened in the major
groove Kp ~ 10° M™1), owing to steric clashes between the
nonintercalated phen ligands and major-groove substitu-
ents?425.28.29 Rh(phipbpy?*, on the other hand, binds to DNA

shown that the dppz ligand intercalates into B-form DNA from with low sequence-selectivifi#;2>2’with an average association

the major groove, and emission titratidhéiave indicated a
DNA binding affinity of 6 x 10 M~1. In aqueous solutions,
the excited state of Ru(phedpp2* is highly quenched due to

constant of 1Z0M~1,
The reaction cycle of interest is depicted below. In the
presence of B-form DNA, complexes of the formula Rh-

proton transfer from the solvent to the dipyridophenazine ligand (phi),L3", where L= bpy or phen, quench the emission of dppz

(z = 250 pd4).15720 When the ligand is protected from water,
as by intercalation into DNX-1° or binding to anionic

complexes of Ru(ll) and Os(Il) on a subnanosecond time

scale>30 Experiments utilizing intercalated complexes co-

micelles?° luminescence is observed on the nanosecond time valently tethered to a 15-mer oligonucleotide have established

scale.

Emission for the metal complex bound to DNA is that these quenching reactions can occur efficiently over

characterized by a biexponential decay which is sensitive to long distances ¥40 A)® For the photoexcited donors Ru-

the sequence of the DNA and to the structure of the ligand
environmenf5-19

The DNA-bound acceptor Rh(phpy3* is also shown in
Figure 1. For several phi complexes of Rh(lll), two-dimensional

(DMP),dppZ* (DMP = 4,7-dimethyl-1,10-phenanthroline) and
Os(phemdppZ" quenched by Rh(phidpy?*, electron transfer
intermediates have been observed by transient absorption
spectroscopy?3! Finally, recent work on picosecond time

NMR studies have indicated that the phi ligand intercalates into scales has yielded rate constants of recombination on the order

B-form DNA from the major groové=22 The depth of

of 10 s~1 for DNA-mediated reactions between a variety of

intercalation has been shown to depend upon the shape of thenoncovalently bound metallointercalatdfs. What are the

ancillary ligands. Rh(lll) complexes containing the phi ligand
are useful probes of DNA structure, since irradiation with
ultraviolet light leads to cleavage of the DNA strand at the site
of complex binding?*2° For example, Rh(phesphi®™ binds
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characteristics of the DNA duplex that serve to mediate fast,
efficient, long-range reactions?

(*Ruh, Rh3*)

Wh

hv kq {Ru**, Rn**}

{Ru?*, Rh3+)ADmblnatlon

In this report, we compare the quenching of photoexcited Ru-
(phen}dppZ* [*Ru(ll)] by two intercalators, Rh(phippy?+ and
Rh(phen)phi®*, mediated through binding to DNA or to sodium
dodecyl sulfate (SDS) micelles (Figure 1). SDS micelles
provide a particularly useful environment to compare the
guenching of *Ru(ll) by tris chelate complexes of Rh(lll). Like
DNA, SDS brings the molecules together in a supramolecular
system which is both hydrophobic and negatively charged.
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Luminescence Quenching in Supramolecular Systems

Unlike DNA, however, SDS contains no highly organized
pathway, such as the DNAe-stack, which might mediate

J. Am. Chem. Soc., Vol. 118, No. 226996

standard protocotd?*°and analyzed by circular dichroism spectros-
copy. [Rh(phenphi]Cl; was prepared as described eartteiSodium

reactions over a long distance. Thus, micelle-mediated reactionsdodecyl! sulfate (Pierce) was used as received. Sonicated calf thymus

are expected to rely on molecular collisions.

Many analogous studies of electron transfer reactions have
utilized Ru(bpy)?" as a photoexcited donor bound to SDS
micelles32738 Several groups have shown that cationic com-
plexes containing hydrophobic ligands, such as Rup536.39-41
and Co(phen§t, 42 bind to micelles in the Stern layer. This
mode of interaction is similar to intercalation in that it maximizes
electrostatic interactions with the charged head groups and
nestles the hydrophobic portions of the molecules in the organic
portion of the supramolecular structure. The Kkinetics of
guenching of *Ru(bpyf+ emission in SDS micelles have been
shown to vary dramatically, depending on the location of the

bound quencher. Therefore, dynamic quenching is observed

when both donor and acceptor are able to diffuse within the
micelle’” or when the acceptor is dissolved in aqueous soldfion.
In contrast, static quenching, which occurs on a time scale that

DNA was purchased from Sigma and exchanged into 5 mM tris, 50
mM NaCl, pH 8.5 by ultrafiltration (Amicon). For titrations in
deuterated solvent, stock solutions were prepared by repeatedly
dissolving the complex in BD and drying. Deuterated buffer was
prepared frmm 1 M tris-d;; in DO (Cambridge Isotope Labs).

Instrumentation. Steady-state emission experiments were per-
formed with an SLM 8000 fluorimeter using a xenon arc lamp as the
light source. Time-resolved measurements utilized the laser facilities
in the Beckman Institute Laser Resource Center, as has been de&tribed.
Experiments with DNA were accomplished using an excimer-pumped
dye laser containing Coumarin 480 (Exciton). Laser powers were 1.0
1.5 mJ at 10 Hz and the pulse width was ca. 20 ns. For SDS systems,
excitation at 532 nm was provided by a Nd:YAG laser; the power at
the sample was 1015 mJ at 10 Hz and the laser pulse width was 8
ns.

Methods. All experiments were performed in aerated solution. For
titrations with sonicated calf thymus DNA, concentrated stock solutions
of metal complexes were added to DNA solutions, followed by

is fast relative to the excited-state lifetime, has been seen whenextensive shaking. The ratio of base pairs/Ru(ll) was 50. When

a hydrophobic quencher is bound deeply within the micellar
interior 32

In the nanosecond flash photolysis experiments reported here
Rh(phipbpy?* is found to quench Ru(ll) emission statically in
DNA but in a dynamic fashion in anionic micelles. Further-
more, Rh(phenphi®™ is seen to quench the emission of
*Ru(phen)dppZ* in micelles, but no quenching is evident in
DNA. We propose that the differences observed depend on
the unique features of the DNA-stack which facilitate electron

micelles were used, samples were prepared by adding concentrated
solutions of detergent to dilute metal complexes to avoid precipitation.

The concentration of micelles was determined by the equation [mic]

= ([SDS] — cmc)h, where cmc is the critical micelle concentration
andf is the aggregation number (62 in wat&}%4” The cmc is not
expected to change dramatically upon addition of metal complex and
has been reported to drop from 8 to 7 mM when 200 Ru(bpy)>*
is added®?2

Reasonable fits to time-resolved measurements on micelle samples
were obtained by defining single-exponential decays without decon-

transfer between intercalators. Differences observed in quench-volution or by assuming biexponential fits with deconvolution. For

ing between Rh(pheg)hitt and Rh(phi)bpy?™ must be related

to differences in the intercalation of these two quenchers.
Therefore, DNA-mediated electron transfer reactions between
metallointercalators are found to be sensitive not only to the
mode of binding but also to the nature of the intercalator/DNA

stacking interaction.

Experimental Section

Materials. [Ru(phen)dppz]CLk and [Rh(phi}bpy]Cl; were prepared
according to literature procedufé4* and further purified by high
performance liquid chromatography. Enantiomers were resolved using
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the latter algorithm, one decay rate was always faster than the pulse
width and was not considered to be important in describing the actual
emission lifetime of the *Ru(ll) complex. Both fitting procedures give
similar results. Steady-state intensities were measured by integrating
time-resolved decay traces. Steiviolmer plots were used to extract
bimolecular quenching rate constanits,{ according to the equation

I/l =71 =1+Kg[Ql; Ksy = kopdko

wherel, = emission intensity in the absence of quencher (Qx
emission intensity at quencher concentration Q¥ intrinsic emission
lifetime, r = emission lifetime at [Q]k, = the intrinsic decay constant

of the unquenched donor. Quenching is considered to be dynamic when
I/l = 7J/T, while static quenching is characterized by large discrepancies
between intensityl{/1) and lifetime ¢./t) quenching.

Electrochemistry. Reduction potentials for Ru(phedppZ* and
Rh(Ill) complexes were measured using instrumentation described
previously at a scan rate of 100 mV/s. Complexes were dissolved in
dry DMF (Fluka) with 100 mM tetrabutylammonium hexafluorophos-
phate as supporting electrolyte. Ru(pheéppZ™ and Rh(phijopy**
gave reversible and quasi-reversible voltammagrams, respectively.
Rh(phemphi** showed complex and irreversible electrochemistry, and,
therefore, reduction potentials are not reported.

Results

Quenching in the Presence of DNA. Variations in Ac-
ceptor. Figure 2a indicates the quenching of *Ru(phepp2*"
by three Rh(lll) complexes bound to DNA. As has been
reported previously, Rh(phixbpy’™ serves as a remarkably
efficient quencher of Ru(ll) emission, yielding Steriolmer
quenching curves which are upward-curving and indicative of
guenching by a primarily static mechanism. Figure 3a presents
the time-resolved decays of *Ru(ll) in the presence of increasing
concentration of Rh(phippy?*; the large static component to

(45) Yoshikawa, Y.; Yamasaki, KCoord. Chem. Re 1979 28, 205.
(46) Granath, KActa Chem. Scand.953 7, 297.
(47) Coll, H.J. Phys. Chem197Q 74, 520.
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Figure 2. Stern—-Volmer plots describing luminescence quenching of
Ru(phen)dppZ"™ by complexes of Rh(lll). a: Quenching of lifetimes
and emission intensity of 1M Ru(phen)dppZ* by Rh(phipbpy**
(intensity, A; lifetimes, ¥), Rh(phemphi®* (intensity, ®), and Rh-
(phen}®* (intensity, ®) in the presence of 1 mM nucleotides of
sonicated calf thymus DNA in 5 mM tris, 50 mM NacCl, pH 8.5. b:
Quenching of photoexcited Ru(phedppZ+ (84 uM) by Rh(phipbpy**
(intensity, a; lifetimes, v), Rh(phemphi®* (intensity, ®; lifetimes, M),
and Rh(phen§™ (intensity, ®#). [SDS] = 13 mM monomer in water.
In contrast to quenching in DNA, both Rh(plipy*" and Rh(pheny
phi®* cause a similar reduction in *Ru(phedppZ* emission lifetime.
Additionally, quenching is primarily dynamic in nature, compared to
the large static component observed for Ru(pfppZ* and Rh(phi}-
bpy?* bound to DNA.

quenching is manifested by a large loss in initial intensity with
only a small change in curve shape. As is also shown in Figur
2a, and contrasting the titration with Rh(phipy**, no lumi-

nescence gquenching is observed in the presence of Rhgphen
phi*, and the emission lifetimes actually increase slightly, from
160 ns/860 ns to 170 ns/915 ns at 5 equiv of Rh(lll). Similar

Arkin et al.
Table 1. Emission Lifetimes of Ru(pheggppZ* in
Supramolecular Environments
H0 D0 quenching
sample mediumz (ns) % t7(ns) % H,0 vs DO
A-Ru(phenydppZ® DNA2 150 80 385 75 0.95
850 20 1260 25
A-Ru(phen)dppZt DNA?2 40 80 74 70
150 20 290 30
Ru(phen)dpp2* SD® 80 - 220 - 1.1

210 uM Ru(ll), 1 mM sonicated calf thymus DNA, 5 mM tris (or
tris-di1), 50 mM NaCl, pH 8.5 40 uM Ru(ll), 13 mM SDS monomers.
¢ Ratio ofly/l in H,O and RO at 3 equiv of Rh(phpppy?*. 9 Ratio of
kobs in H2O and BO.

Table 2. Intensity Quenching of the Enantiomers of
Ru(phen)dppZ* by the Enantiomers of Rh(phbpy**
Ru/Rh lJ/l, SD® 1o/, DNAP
AIA 1.52 3.90
AIA 1.56 1.50
AIA 1.50 1.27

284 uM Ru(ll), 168 uM Rh(Ill), 13 mM SDS in water? 10 uM
Ru(ll), 20 M Rh(lll), 1 mM nucleotides DNA in 5 mM tris, 50 mM
NacCl, pH 8.5.

isotope effect indicates that quenching of *Ru(ll) by Rh-
(phi):bpy** in the presence of DNA is not mediated by water
but rather involves metallointercalators bound to the DNA

o polymer. Furthermore, the slow dissociation of intercalators

from DNA!221.22ensures that the metal complexes are fixed

) during the time scale of the reaction.

Effects of a Change in Donor Chirality. Since both the
donor and acceptor are chiral, their enantiomers might be

behavior has been seen when a variety of intercalators which€xpected to behave differently in the environment of right-

cannot quench *Ru(phesmppZ" are added to Ru(phemppZ*+
bound to DNA%8 In addition, no reaction is observed between
*Ru(phen}dppZ" and Rh(phenj+. This lack of reactivity is
expected, due to the weaker binding of Rh(pk&njo DNA
and its lower reduction potenti&d. The driving force for
electron transfer between *Ru(Hy Rh(phen)3** is close to 0
mV, compared to 560 m¥ for the reaction of *Ru(phen)
dppZ* and Rh(phijbpy?™.

Effects of Solvent Deuteration. Table 1 describes the effect

handed DNA. Indeed, the photophysical properties of Ru-
(phen)dppZ* and its derivatives are sensitive to the twist of
the double-helix; the left-handed isomer has shorter lumi-
nescence lifetimes (Table 1) and, therefore, greater accessibility
to watet213than does the right-handedenantiomer. Table 2
shows that the reaction between these metallointercalators bound
to DNA is also affected by their chiralits# The most efficient
guenching occurs betwe#nRu(phen)dppZ™ andA-Rh(phiy-
bpy?t, with 75% being quenched at 2 equiv of Rh(lll).

of deuterated solvent on reactions between intercalated donorriowever, the other pairs of enantiomers do react, and quenching
and acceptor. Experiments on fast time scales have shown that? €ach case is primarily static (Table 2).

the lifetime of the excited state of Ru(pheadppZ* is 250 ps
in water and 550 ps in fD, giving an isotope effect of 23.

Quenching in the Presence of SDS Micelles. Association
of Metal Complexes with Micelles. Many earlier studies have

Similar solvent-isotope effects are seen in the emission lifetimes established that cationic metal complexes containing hydropho-

of Ru(phenydppZ* bound to DNA. Table 1 presents the
lifetimes of A- and A-Ru(phen)dppZ* in calf thymus DNA,
where the two intercalative binding geometrief\eRu(ll) show
ku/kp ratios of 2.6 for the short lifetime and 1.5 for the long;
similar isotope effects are evident with theisomer bound to

bic ligands bind to anionic micelles in the Stern layer, and
binding affinities near 10 M~! have been suggestét*?
Binding of the Rh(lll) acceptors is established by bwisible
spectroscopy. In the presence of DNA, the ultraviolet spectra
of phi complexes of Rh(lll) are known to undergo hypochromic,

DNA. The emission lifetimes in the absence of quencher show red shifts in the phi transitions centered near 360 Ay ~
large isotope effects because proton transfer from solvent13 nm)?® Upon the addition of SDS above the cmc, both

provides a major pathway for excited-state detay.

Rh(phipbpy?*t and Rh(phenphi*t show 10 nm shifts in these

In contrast to quenching by solvent, no strong isotope effects bands to lower energies but without significant hypochromicity

are observed in the fraction of quenching of *Ru(phdpp2*
by Rh(phiybpy?t in DNA (Table 1). Picosecond transient
absorption measurements also shokyép ~ 1 for the rate of
ground-state recovery of Ru(l#}. The absence of a solvent-

(48) One interpretation of this effect is that binding of intercalators
rigidifies the DNA helix, which, secondarily, serves to increase the
luminescence of DNA-bound Ru(phedppZ*.

(49) EY2(Rh"/Rh') ~ —0.67 V vs NHE. Chan, S. F.; Chow, M.; Creutz,
C.; Matsubara, T.; Sutin, NI. Am. Chem. S0d.981, 103 369.

(50) EYYRU"/*Ru'") = —0.61 V vs NHE;EY¥Rh"/Rh') = —0.05 V
vs NHE.

(Figure 1, Supporting Information). Binding of Ru(phgipp2"
to SDS micelles is indicated by the onset of emission above
the cmc?® These complexes are expected to remain bound to
the micelle during the lifetime of the experiment, with a lower
limit for the residence time of Ru(phexppZ* being provided
by the excited-state lifetime in J®/SDS (ca. 220 ns).

The emission of Ru(phesppZ* is sensitive to the micel-
lar environment. The decrease in lifetime relative to Ru-
(phen}dppZ* bound to DNA indicates a greater water acces-
sibility in the micelle. As in DNA, emission in micelles also
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Figure 3. Time-resolved emission decays of *Ru(pheippZ" in DNA
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shows a large solvent isotope effect (Tablekd/kp = 2.8).
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Figure 4. Stern-Volmer analysis of quenching of Ru(phedppz"

by Rh(pheryphi®* at three ratios of Ru/SDS. Slopes of quenching plots
are the same for Ru:SDS ratios of 0.4)( 0.5 @), and 1.0 @®).
Quenching therefore depends on the distribution of acceptors among

The time-resolved luminescence decay can reasonably be fit tomicelles, rather than the absolute concentration of donors and acceptors.

a single exponential in SDS/water. The rate of emission decay

decreases slightly as the ratio of Ru/SDS increases, fronx 1.3
10’ s71 at 0.1 Ru/micelle to 1.% 107 s at 1.0 Ru/micelle.
This dynamic quenching of *Ru(phexppZ* could arise from
binding competition as well as self-quenchiig.

Effects of Variation in Acceptor. In contrast to thestatic
guenching of *Ru(phemiippZ*t by Rh(phiybpy** in DNA,
Rh(phixbpy?* quenches *Ru(ll) emission in SDS by a primarily
dynamicmechanism, as indicated by the similarity in Stern
Volmer plots ofl /I andz,/t vs [Q] in Figure 2b. The emission

micelle:
Kobs = (Kn/ VIKKY/[(Ky + Kp) + KKC

whereky, is the micellar quenching rat®, is the partial molar
volume of SDS in the micelleZ = [SDS] — cmc, andK, and
Kp are the equilibrium dissociation constants for reactants a and
b, respectively. This model predicts that the inverse of the
observed quenching rakg,s will be proportional toC. Figure

decay, presented in Figure 3b, emphasizes the change in thé shows such a plot for quenching of *Ru(phgippZ* by

shape of the decay curve with little loss in initial intensity.
There is additionally a dramatic difference in the quenching
behavior of Rh(phenphi®* in the two systems. When bound
to SDS micelles in water, both Rh(pflipy?+ and Rh(phen)
phi* quench Ru(phemilppZ" emission to similar extents
(Figure 2b), whereas Rh(phephi®™ does not serve as a
guencher of *Ru(phemiippZ+ emission when bound to DNA

Rh(phenjphitt and by Rh(phijbpy®t as the concentration of
detergent varies from 380 mM. The plot of s Vs C is
linear over a 10-fold range of micelle concentration, from
approximately 32350uM, supporting the notion that quench-
ing occurs by diffusion within a micelle. From the slopé (
km) the true bimolecular rate constafit,] can be determined,
assuming a value for the partial volurke V is 0.25 M for

(Figure 2a). This interesting result suggests that there aredonor/acceptor residing in the volume of the micelle and 0.14

important differences between how the DNA polymer and the
SDS micelles participate in this chemisty. As in DNA, Rh-
(phen}** does not quench the excited state of Ru(pjupp2+,
presumably as a result of the low driving force for electron
transfer?9.50

Variation in Micellar Concentration. For a range of Ru/
SDS ratios, quenching by both Rh(gbpy?+tand Rh(phenphi®*
yields linear SteraVolmer plots (Figure 2b). Application of
the Sterm-Volmer equation yields SterfiVolmer constants
(Ksy) of 8700 and 9000 M! for Rh(phipbpy*tand Rh-
(phen}phi®t, respectively, at 84M Ru, 13 mM SDS mono-
mers. Between Ru/micelle ratios of 6:1.0, plots ofty/t vs
Rh/SDS yield similar values fd{sy (Figure 4), indicating that
quenching is determined by the distribution of donors and
acceptors among micelfsand not by their absolute concentra-
tion.

If quenching of a molecule of *Ru(phem)ppZ" by a Rh-
(11 complex involves diffusion within a micelle (as opposed
to diffusion of an unbound quencher through the soRfgrthen

M~ for complexes restricted to the Stern laj&rGiven a value

for V of 0.14 M1, true bimolecular rate constants are found
from the slope to be 1.k 10® and 1.2x 10 M1 st for
Rh(phipbpy?*and Rh(phenphitt, respectively* Additionally,

the slope/intercept ratio suggests association constants for donor
and acceptor on the order of’6 10* M1, assumingK, = K

and cmc= 8 mM®® (values for the intercept are negative for
cmc < 7.8 mM). Although the small value for the intercept
(10713 Ms) implies a large uncertainty in the binding constants,
this value is similar to earlier estimates of binding constants
for less hydrophobic tris chelate complexes of Ru{lIo-
(11),%2 and Co(llI).

Mechanism of Quenching in the Micelle. Photoinduced
electron transfer is the most likely mechanism of quenching of
*Ru(phen)dppZ* by Rh(phi}bpy?* and Rh(phenphi®" in SDS
micelles. Evidence for electron transfer is provided by transient
absorption spectroscopy with a related donor, Ru(Didisp)Z"
(DMP = 4,7-dimethyl-1,10-phenanthroline). Previously we
observed a long-lived Ru(lll) species generated by reaction of

increasing the number of micelles should reduce the amount of *Ru(DMP),dppZ* and Rh(phijbpy** bound to DNA3! Com-
quenching by sequestering acceptors in donorless micelles. Thepared to Ru(pheslippZ' (E3*/2+ = 1.61 V), Ru(DMP)dppZ™*

following kinetic model has been derived by Berezin and co-
worker$? in describing reactions which follow Sterivolmer
kinetics and in which the reactants are bound tightly to the

(51) Triplet-triplet annihilation has been invoked previously to describe
the ground-state recovery of Ru(bg¥) bound to SDS micelles. See:
Lachish, U.; Ottolenghi, M.; Rabani, J. Am. Chem. S0d.977, 99, 8062.

(52) Gehlen, M. H.; De Schryver, F. Chem. Re. 1993 93, 199.

(53) Berezin, I. V.; Martinek, K.; Yatsimirskii, A. KRussian Chem.
Rev. 1973 42, 787.

(54) Multiplying by the volume of the micelle gives unimolecular rate
constants of 7.8x 1¢® s and 8.6 x 10° s ! for Rh(phipbpy?* and
Rh(phenphi®* respectively.

(55) Mukerjee, P.; Mysels, K. J. “Critical Micelle Concentration of
Agueous Surfactant Systems”, NSRDS-NBS 36, U.S. Government Printing
Office, Washington, D.C., 1971.



2272 J. Am. Chem. Soc., Vol. 118, No. 9, 1996 Arkin et al.

Table 3. Parameters for quenching of Ru(pheippZ* by phi amount of luminescence quenching is less in pH 8.5 buffer than
complexes of Rh(lll) in water. Second, SterfVolmer plots are now upward-curving
4 equiv and, in the case of Rh(phbpy?*, show a greater proportion of
quencher static quenching. These changes are not due to the addition of
quenchet solvent Ky Ksy (M Y I/l TolT 10 mM salt, since 10 mM tris buffered to pH 5.7 did not affect
Rh(phiybpy** water 6.7 7300 the ql_Jenchmg (data not shown). I'F is also notewo_rthy that no
Rh(phiypbpy?* pH 8.5 tris upward-curving 2.13 1.8  Significant pH effects are seen in the quenching of Ru-
Rh(phen)phi®+ water 6.3 8700 248 24  (phen}dppZ" by Rh(phiybpy** bound to DNA.
Rh(phenphi®* pH 8.5 tris 2750 15 14 Effects with Enantiomers. In order to compare the effects
Rh([12]Sane)pht*c water 23 upward-curving 20 1.8 ot enantiomers in the chiral environment of DNA and the achiral

RN(NH)4phi** water 95 0.93 medium of SDS micelles, quenching of the pure enantiomers

340 uM Ru, 13 mM SDSP From,/t = 1 + Ks\[Q]. ©[12]Ssane of *Ru(phen}dpp2* was also considered. Table 2 shows that,

= 1,4,7,10-tetrathiacyclododecane. unlike the large effects in quenching efficiency between

30 diasteriomeric pairs bound to DNA, differences in quenching

in micelles were within the experimental error of the measure-
ments.

[ ] d

20 b Discussion

Quenching in the Presence of DNA. Reaction Environ-
ment. Reactions between *Ru(ll) and Rh(lIl) bound to DNA
are best described as occurring in a DNA medium. There are
P no solvent-isotope effects in electron transfer efficiencies or
rates, indicating that the solvent does not play a role in the
guenching reaction (Table 1). One would expect a correlation
0 6 12 18 24 between quenching in DNA and changes in the DNA medium

[SDS] - CMC, mM and the binding of the donor/acceptor to the double helix. In

1 i +
Figure 5. Plots of 1kops Vs concentration of detergent-cmc for the fact, we have shown here that the binding of Ru(plxppz

quenching of Ru(phemlpp2* by Rh(phemyphi®* (@) and Rh(phi)- to DNA strongly influences quenching, since there is a relation-
bpy* (a). ship between the chirality of the metal complex and its reaction

with intercalated Rh(phippy*™. Importantly, Figure 2 shows

(E3+2+ = 1.54 V) is less unstable in thet3oxidation state that thg medium itself plays a critical rqle in the rates of
and has a shorter excited state lifetime; both properties improveduenching of *Ru(phendippZ* by Rh(phipbpy*". In the
detection of the transient intermediate. The intrinsic lifetime disordered environment of the micelle, quenching occurs with
of *Ru(DMP),dpp2* in SDS is too short to be determined dlffu3|on-contro!led_rates. In contrast, unlmolecular_, subnano-
accurately with the time resolution of our instrument. However, S€cond guenching is observed when these metallointercalators
quenching of the emission intensity occurs upon addition of areé bound in the highly ordered medium of the DNA helix.
Rh(II1), with the concomitant increase of a transient signal which Quenching depends on the supramolecular environment.
decays with a rate constant of 3<710° s (Figure 6)%% This Effect of Acceptor. Quenching of *Ru(ll) bound to DNA
rate constant is significantly longer than the excited-state decayis highly sensitive to the choice of DNA-bound electron
of the *Ru(DMP)dpp2+ complex, and is consistent with ~acceptor. Rh(phippy** quenches the emission of *Ru(ll) by
transient formation of Ru(lll). It is noteworthy that electron @ static mechanism, as shown by large changes in emission
transfer intermediates are sometimes not seen for reactions inintensity and small changes in lifetime (Figures 2a and 3a). By
micelles, presumably due to reduced cage-escape¥fiéddéad  contrast, the seemingly similar Rh(phgst)i*" does not quench

Other plausible mechanisms for quenching, including energy *Ru(ll) emission at all, despite a comparably high binding
transfer and excited-state proton transfer, do not account forconstant for |ntercalat|on to B-form DNA. This interesting result
the dynamic quenching observed. Energy transfer is unlikely, IS compared to quenching in SDS micelles below.
due to the very small amount of spectral overlap between the DNA as a Mediator for Long-Range Reaction. Although
absorption spectra of the acceptors and the emission profile oféxperiments between randomly bound intercalators do not
the donor. Excited-state proton trandfemas been ruled out  directly address the distance-dependence of electron transfer,
by the experiments summarized in Table 3 (see also Figure 2,reactions between *Ru(phedppZ* and Rh(phibopy*" non-
Supporting Information). Four phi complexes of Rh(lll), covalently bound to DNA appear to occur over a long distance.
spanning a broad range oKg were tested for reaction with Assuming random binding, at 1 ef-Rh(phikbpy**, donor/
*Ru(phen)dpp2*; no correlation betweenka and quenching acceptor pairs are an average of 25 base pairs apart, ar}d 4% of
was found. Additionally, the presence of 10 mM tris buffer at Pairs are in closest contact. However, _at this concentration, we
pH 8.5 did not eliminate quenching of *Ru(phedpp2+ by observe that 30% ok-*Ru(phen}dppZ" is quenched and thus

either Rh(phidopy3* (pKa = 6.7) or Rh(phenphit* (pKa = propose that reactions occur at long range. This analysis is
6.3). consistent with experiments between metallointercalators co-

A few interesting differences are noteworthy, however, in valently bound to an oligonucleotide, where quenching was
' * .,_found to occur rapidly over 40 A.

comparing protonated and deprotonated quenchers. First, the ™ . . . . o
Diastereomeric Effects on Quenching.Varying the chirality

(56) *Rh(lll) is generated by laser excitation at 532 nagsf = 1230 of both donor and acceptor dramatically effects the quenching
M~ cm™1), and the transient signals for the *Rh(HRh(lIl) difference of *Ru(ll) bound to DNA (Table 2), and the effects are
spectrum are, in general, large. Therefore, full spectral characterization of ; ] : ;
transient absorption spectra is not possible, and transient intermediates hav‘%:orrelated with the stacking (?f the Comp'e’.‘ into the DNA helix.
been identified primarily at the 422 nm isosbestic point in the *Rh{ll) n the case of the donor, 30% of theenantiomer is quenched

Rh(Ill) difference spectrum. at 1 eq. A-Rh(phixbpy**, compared to only 15% quenching

1/kons x 102
o>

10
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of the A-isomer. The excited-state lifetimes in the absence of
quencher are longer for the right-handed isomer (150/850 ns)
than for the left-handed one (40/150 ns). Since water quenches
the excited statek(i/kp ~ 2.3), longer emission lifetimes imply
decreased solvent accessibility and increased stacking with the
DNA bases. Thus, deeper intercalation results in better quench-
ing. These results can be contrasted to reactions between

0.6

0/0.05
€0.04

30+

isomers in SDS micelles, where no significant differences
between diastereomeric pairs are obseffedhe correlation
between excited-state lifetime and quenching efficiency points
to the importance of stacking interactions in mediating electron
transfer between DNA-bound molecules.

Quenching in SDS Micelles. Reaction Environment.Both

donor and acceptor are tightly bound to SDS micelles, and thus

electron transfer reactions between them occur within the
restricted space of the micelle. Emission and absorption
spectroscopies provide information on micellar binding of donor
and acceptor. The donor Ru(phgippZ" displays an emission
lifetime of ~80 ns in SDS micelles compared to a lifetime of
250 ps in aqueous solutidh. This 320-fold increase in excited-
state lifetime is indicative of removal of the dppz ligand from
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Figure 6. Transients observed at 422 nm formed by 532 nm excitation
of Ru(DMPYdppZ" during titration with Rh(phipbpy®* in SDS
micelles. Addition of Rh(phiopy** produces a long-lived signal which
decays with a rate constant of 3x7 10f s™%. Conditions are 1M
Ru(ll), 13 mM SDS, 0, 30, 9&M Rh(lll). Data are uncorrected for
inner filter effects due to Rh(lll) absorption. Inset: comparison of
emission quenching®) and yield of transient intermediate at 422 nm

water. The absorption spectra of the acceptor complexes are(#). 40 uM Ru(ll), 13 mM SDS,Aexc = 480 nm.fy = 1 — l/l,.

red-shifted by 10 nm in the presence of SDS, similar to changes

seen for phi complexes of Rh(lll) when the solvent hydropho-
bicity is increased?

Effects of Acceptors. Both Rh(phenyphi®™ and Rh(phi)-
bpy®* quench the emission of *Ru(phedppZ" when the
complexes are bound to SDS micelles.
observed when *Ru(ll) is titrated with Rh(pheg#). The lack
of reactivity of Rh(phen" is not surprising, based on the
absence of thermodynamic driving force, but it is an important

the protonation state of phi complexes could be important in
determining the nature of their binding and diffusion in SDS
micelles. Additionally, the stronger binding of deprotonated
Rh(phixbpy" to the micelle could result in greater competition,

Quenching is not resulting in the ejection of some Ru(phgappZ* from the

micelle. Lastly, preliminary results suggest that the protonated
and deprotonated forms of Riphi)bpy*™* have different
electron-transfer reactivities, and so the reduction potential might

control since the size and shape of micelles are known to be change with pH?®

sensitive to the addition of ions. Rh(phgh) is similar to
Rh(phipbpy?*t and Rh(phenphi®* in terms of charge and shape
and would therefore have a similar effect on micellar structure.
The quenching of *Ru(ldppZ* by Rh(lll) complexes is not

due to a perturbation of the environment around the lumophore.

Kinetic Description of Quenching in SDS. For both Rh-
(phi)zbpy®* and Rh(phenphi**, Stern-Volmer plots based on

Comparison of Quenching in DNA and SDS. We have
shown that Ru(phesdpp2*, Rh(phen)phi®*, and Rh(phi}-
bpy?* bind strongly both to DNA and to SDS micelles and that
guenching of *Ru(ll) can occur in both environments. However,
electron transfer reactions between *Ru(ll) and Rh(lll) com-
plexes display some striking differences depending on the nature
of the medium. The quenching of *Ru(phetppZ" by

intensity and lifetime quenching are linear and have comparable Rh(phiybpy3* is static in DNA but dynamic in SDS micelles.
slopes; thus, quenching is dynamic for both acceptors. BerezinThijs interesting result demonstrates ttf# structure of DNA

plots of lkyws vs C are linear (Figure 5), indicating that the
guenching reaction is intramicellar. The micellar quenching rate
constant, extracted from the slope of the Berezin plot, isx1.1
10 M~ s71 for quenching by Rh(phibpy®* and 1.2x 18
M~1 s71 for Rh(phenjphi®*. Intramicellar quenching occurs
with rates close to the rate of diffusion within a micelle&8®
and rates are similar for quenching by both phi complexes.
Effect of pH. Table 3 indicates that the quenching of *Ru-
(phendppZ2* by Rh(lll) complexes decreases when the pH is
raised above thely, of the phi ligand?® furthermore, Rh(phi}
bpy** is a more efficient quencher than Rh(phgms* and
yields nonlinear SteraVVolmer plots. The differences between

plays a central role in mediating the electron transfer reaction
Furthermore, the two quenchers Rh(ghbpy>* and Rh(pheny
phi¥t behave differently in DNA; Rh(phibpy?* is a highly
efficient quencher of *Ru(ll) emission, while Rh(phgphi*
does not react. In SDS micelles, by contrast, emission is
guenched by a dynamic mechanism by both phi complexes with
similar efficiencies.

There are several possible explanations for the differences
between Rh(phippy’™ and Rh(phenphi®™ bound to DNA,
including (i) insufficient thermodynamic driving force for
Rh(phen)phi** to oxidize *Ru(ll), (ii) cooperative binding in
the Rh(phidbpy?t/Ru(ll) pair that is missing with Rh(phen)

quenching by the protonated and deprotonated forms of the yn+/Ru(11), (iii) long Rh/Ru distances generated by the greater
acceptors may be explained by both binding and electronic sequence-selectivity of Rh(phephid*, and (iv) differential

factors. For Co(pheg}™2t, Davieset al#2find that the binding

binding of the acceptors to the helix, causing Rh(ip)*" to

constant for Co(lll) is lower than for Co(ll) and suggest that pe reactive while Rh(phesphi®* is not. The experiments
divalent metal complexes bound to SDS micelles are stabilized jescribed here suggest that differences in stacking of the Rh-
by hydrophobic interactions, whereas electrostatic attraction (Il) complexes with the DNA bases account for the quenching

accounts for ca. 50% of binding stabilization for ®ns. Thus,

(57) Diastereomeric effects in electron transfer between tris chelate

complexes of Co(lll/Il) in solution have been observed in some cases. See:

(a) Warren, R. M. L.; Tatehata, A.; Lappin, A. G. Chem. Soc., Dalton
Trans.1994 11, 1655. (b) Warren, R. M. L.; Lappin, A. G.; Mehta, B. D.;
Neumann, H. MInorg. Chem.199Q 29, 4185.

(58) Krotz, A. H.; Kuo, L. Y.; Barton, J. Klnorg. Chem.1993 32,
5963.

effects observed.

The similarity of quenching rates for the two acceptors in
SDS micelles is incompatible with the first two propositions
listed above. If Rh(phepphi*™ lacked the thermodynamic
driving force for electron transfer, then no quenching would

(59) Turro, C. Unpublished results.
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Figure 7. Models for binding of Rh(phgppy** (left) and Rh(phenphi®* (right) binding to DNA and SDS micelles (center). Due to steric clashes
of the 2,9 phen protons with major groove substituents, intercalation of Rhgphén)into DNA occurs preferentially at base steps which are
opened in the major groove, resulting in reduced basestacking at the binding site. No such steric interactions inhibit binding (o
thus binding is largely sequence-neutral and the base pairs are well-stacked with the intercalating pHidtg&fide more disordered binding of
Rh(lll) complexes to SDS micelles suggests that the two acceptors will bind equivalently.

have occurred between *Ru(pheippZ+ and Rh(phenphi®*.

If cooperative binding were important, then quenching would
be different for the two acceptors and likely would be static; in
other words, no changes in Ru(ll) emission lifetime would be
observed. While it is known that Rh(phegphi®" binds to DNA
with greater sequence-selectivity than Rh(gp)®t (iii),
differences in binding affinity between sites is small compared

We therefore propose a model whereby intercalative binding
affords access to the purported DNAway, and this intimate
coupling of the donor and acceptor into the DNA helix depends
sensitively on stacking of the intercalator. Poor stacking of the
intercalating guest with the DNA host limits DNA-mediated
guenching, as in the case AfRu(phen)dppz", or abolishes
such guenching, as for Rh(phgohi¥*. The SDS micelle

to the concentrations used in these experiments, and thereforeaffords a medium for dynamic quenching through collision but

all sites on the DNA should be sampled. Additionally, there is
no evidence for large sequence preferences for Ru(ghmed
binding to B-form DNA12

Photocleavage and binding studie2® provide an explana-
tion for the lack of DNA-mediated quenching by Rh(phen)
phi¥*. Figure 7 illustrates a thoroughly investigated model for
the intercalation of Rh(pheghi¥t and Rh(phijbpy?* into
B-form DNA.2>29 Comparisons of photocleavage and crystal

offers no comparabla-stacked array, as in a DNA duplex, to
mediate fast electron-transfer chemistry.
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ligand (30% for the complexf
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