
new diagnostic for the study of channel 
formation, which has relevance to any ap- 
plication requiring extended propagation of 
intense laser beams. Although these mea- 
surements are time-integrated, it is expect- 
ed that the electrons are accelerated in 
microbunches that are a fraction of the 
plasma period (23 fs) in duration, separated 
by a plasma period, and in a macrobunch 
duration that is less than the laser pulse 
duration (400 fs). 
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bound, intercalated metal complexes. 
The photoexcited donors (Fig. 1) display 

large enhancements of luminescence uvon 
DNA intercalation ( 1 1-1 3). TWO-dimen- 
sional nuclear magnetic resonance (NMR) 

A. Hormann, E. J. C. Olson, P. F. Barbara* studies show that the dppz ligand of 
R ~ ( ~ h e n ) , d ~ ~ z ~ +  (phen, 1, lo-phenanthro- 

Ultrafast emission and absorption spectroscopies were used to measure the kinetics of line; dppz, dipyridophenazine) intercalates 
DNA-mediated electron transfer reactions between metal complexes intercalated into into B-DNA from the major groove (14) 
DNA. In the presence of rhodium(lll) acceptor, a substantial fraction of photoexcited with a binding constant of >lo7 M-I (15). 
donor exhibits fast oxidative quenching (>3 x 101° per second). Transient-absorption For M(phen)2dppz2+ derivatives (M = Ru, 
experiments indicate that, for a series of donors, the majority of back electron transfer Os), the lowest energy electronic transition 
is also very fast (-1 OiO per second). This rate is independent of the.loading of acceptors is characterized by metal-to-ligand charge 
on the helix, but is sensitive to sequence and n stacking. The cooperative binding of transfer (MLCT) directed onto the dppz 
donor and acceptor is considered unlikely on the basis of structural models and DNA ligand (13, 16). In aqueous solutions, the 
photocleavage studies of binding. These data show that the DNA double helix differs excited state of these complexes is 
significantly from proteins as a bridge for electron transfer. quenched by proton transfer from water to 

the phenazine N atoms (12, 13); when the 
dppz ligand is protected from water by DNA 

Many researchers have considered whether plex and separated by >40 A, a lower limit intercalation, this pathway is inhibited, and 
the aromatic heterocyclic bases in duplex on the intramolecular quenching was set at emission typical of these polypyridyl com- 
DNA offer a medium for fast, long-range -3 x lo9 s-I (4). Here we have used plexes is detected. Hence, excitation of the 
electron transfer (ET) (1-10). Intercalated ultrafast emission and absorption spectres- complexes bound to DNA promotes an 
electron donors and acceptors provide a copies to examine fast ET reactions medi- electron onto the intercalating ligand, di- 
direct probe of the DNA n stack. Subnano- ated by DNA with a series of noncovalently recting it into the n stack. 
second luminescence quenching of photo- 
excited Ru(I1) donors by Rh(I1I) acceptors ng* ,. (A) lntwcalating do- * Fi t l I I I } \  
occurs when both complexes are intercala- ncKs (M = Ru, Os) and ac- A 

tively stacked into B-form DNA (B-DNA), ceptor ~h(lll) and the ET cy- r< ' per 0, I : .  
but fast quenching is not observed with a cle. photoexcitatii of ~(11) R 'i 
nonintercalating acceptor in a reaction forms the excited state *M(II), ( ~ ( m . ~ i , , : l ~ )  7?+rN1' 
with comparable driving force (3, 4). In- which can radiatiiely decay h. kd 

deed, with metallointercalators covalently or can be quenched by 
attached to a 15-base pair (bp) DNA du- ET ~ i f h  Rh(lll) to form ,' krec " *"!P c 

R2 = H. F, Me 
M(III)-Rh(ll) and then recom- , 

A i Rh(phl),bpy3+ 
bi& photoinduced ET Ru(phen),dppz2+ derlvailves {&I, Rp; 1 1  1 1 

M. R. W n ,  E. D. A. Stemp, R. E. Holmlin, J. K. Barton, 
Beckman Institute, California Institute of Technology, may yield either Rh(ll)@hi)2bpy B 
Pasadena, CA 91 125, USA. or Rh(lll)@hi)@hi-)bpy, both 
A. "6rmann. E. J. c am. P F ~amaa, ~epartmmtof symbolized as Rh(l1). (B) Ru [Ldyq!/b Chemistly, University of Minnesota, Minneapolis, MN and Rh bound to DNA at 
55455, USA. typical ratios used in these 
*To whom conespmdence should be addressed. experiments; the donor-acceptor distances shown correspond to 17 and 85 A. 
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I11 aqueous buffer, in the absence of 
DNA, the photoexcited donors sho\v n o  
steady-state l u m i ~ ~ e s c e l ~ c e  and have excit- 
ed-state lifetiines from 85 to 500 ps for RLI 
and 10 to 30 ps for 0 s  (Table 1 ) .  Therefore, 
D N A  intercalation increases the excited- 
state lifetime of these complexes by three 
orders of magnitude. Ultrafast time-corre- 
lated single photon cou~l t ing (TCSPC)  
confirnls the kinetics observed by transient 

ahsorptioll spectroscopy ( 1  7). 
W e  used R l ~ ( ~ h i ) , b p y ' ~  (phi,  9,10- 

p l ~ e ~ l a n t l ~ r e ~ l e q ~ ~ i ~ ~ o ~ ~ e  diimine; byy, 2 , 2 ' -  
bipyridine) as the electron acceptor (Fig. 
1) .  NMR st~ldies have s11orv11 that phi com- 
plexes of Rh(II1) intercalate into B-DKA 
from the major groove (18) .  Irradiation of 
the bou~ld  Rh(II1) colllplex \vlth ultraviolet 
light leads to direct strand scissioll of the 
D N A  at the site of p h ~  intercalation (19) ;  

Table 1. Excited-state lifetimes of photoexcited electron donors in the absence and presence of DNA. 
F2-dppz, 7,8-difluoro dipyr~dophenazine; Me,-dppz, 7.8-dimethyl d~pyridophenazine; DMP. 4.7-di- 
methyl-1 ,I 0 phenanthroine. Transient absorption data for donors without DNA were taken with he,, = 
400 nm and A,,, = 420 nm. Samples contained 40 p M  complex in 5 mM tris and 50 mM NaCI (pH 8.5). 
Error in fetimes is estimated to be 515%. For donors bound to DNA, lc~mlnescence decay data were 
taken with h,,, = 480 nm and A,,, = 61 6 nm. Samples contained 10 p.M metal complex. 500 p.M bp 
calf thymus DNA. Error in ifetmes is estimated to be 210%. The percentages lndcate the magntude 
of the preexponential factor in a biexponentia f ~ t ;  for transient absorpt~on. there is a small resdual offset. 

- DNA + DNA 
Donor 

T (ns) % T (ns)' % 

*The two excited-state decays for bound speces have been ascrbed to two orlentatons of the intercalated dppz 
Igand w t h n  the base stack, whch vary in ther access~b~l~ty to solvent (1 1-1d) The excted-state f e t r e s  of 1- and 
.\-Ru(phen),dppz2 In the presence of DNA are senst\!e to the metallDNA ratlo (15). T h e  obserded bexponental 
decays probably reflect cornpetng pathways for excted-state decay. 

Fig. 2. (A) Tme-resolved 
emission decays mea- 
sured by TCSPC for 
A-'Ru in the presence of 
(top to bottom) 0.  1, and 
2 equv of A-Rh, ilustrat- 
ing the large amount of 
quenching occurrlng 
with k,, > 3 x 10IC s-'. 
Data have been correct- 
ed for a response-ltnlted 
etnission decay of 

IRF 

0 300 600 900 
Time (ps) 

Rh(phi),bpy3-. R F ,  Instrument response function. (6) Fractional ylelds of the 
fonward and back ET reactons: (a) steady-state (total) quenchng. determned 
by nanosecond laser flash photoysis. (+) quenchng occurrng wlth k,! > 10e 
s-', also measured by nanosecond laser flash photolys~s, ( x )  quenching 
occurrng wth  k,, > 3 X l o q C  s ' ,  determned by picosecond TCSPC. and (A) 
absorption recovery occurrlng with k,,, = 9 x 10" s- ' .  (C) T~me-resolved 
transient absorpton data monitoring the ground-state recovery klnetcs of 
A-Ru(phen),dppz2-' bound to DNA as a functon of A-Rh(ph1),bpy3-' concen- 
tration: (bottom to top) 0. 0.5. 1. 2, and 4 equv A-Rh(lI). Data are corrected for 
a small contributon from mRh(lII) and are normalized w~ th  respect to the change 
in absorbance (M) at tme  zero. Steady-state lum~nescence ntenslties were 
determined by lntegratng the full emsson decay curves obtaned In nanosec- 

by this photocleavage assay, R l ~ ( p h i ) ~ h ~ ~ y ~ -  
binds in a sequence-neutral manner (hind- 
ing constant K,, .= 10' M p ' )  (23). 

W e  exa~nilled the pho to ind~~ced  for\vard 
(kc,) and recolllhinatiol~ (It,,,) ET reactions 
o n  the picosecond time scale by monitormg 
both the kinetics of the eillissiol~ decav and 
the lti~letics of the recovery in ground-state 
absorption by Ru(I1) and Os(I1) do~lors  
(21) (Fig. 1) .  All experiments were done a t  
a ratio of 50 D K A  base  airs to one electron 
donor, such that the colnplexes are dilute 
on the  helix. 

Figure 2 sho\vs experii l le~~tal data for 9 
= R L I ( ~ ~ I ~ ~ I ) ~ J ~ ~ ~ ~ +  hound to D N A  
iluenched by 9 = Rh(phi),bpy3-. Eillission 
quenching of R ~ ~ ( ~ ~ l l e n ) ~ d p ~ z ~ +  by 
Rh(phi),phen3+ is too fast to be resolved by 
~la l loseco~ld flash pl~otolysis instrumenta- 
tion (3). Similarly, \vhen ilue~lchillg of 
'I'Ru(I1) by Rh(phi)2hL~y3+ is measured by 
either flash t,hotolvsis or T C S P C  on the 
picoseconil time scale, n o  change in the 
e l l l i ss io~~ kinetics is observed; instead, there 
is a large decrease in the e~nission intensity 
at zero time (Fig. 2A).  This loss of intensity 
implies that e~nission quenching occurs 
faster tha11 our time reso lu t io~~ ,  so n7e assign 
a lower limit of -3 X 10" S - I  to 011 the  
b . ' .  as15 of the  resolution of the T C S P C  appa- 

ratus. As  the  concentration of Rh boulld to 
D K A  is increased, a corresponJing decrease 
in the initial illtensity is observed. 

W e  quantified the fraction of excited 
states ~lndergoillg ET with Itc, > 3 x 10'" 
s-' by comparing data obtained by t\\lo 
different techniaues (Fie. 2B). W e  used la- 

0 0 9  
0 1 2 3 4  

A-~h(phi),bpy~+ (equiv) 

ser flash photolysis to llleasure steady-state 
luminescence by integrating the full emis- 
sion decay curve. Total quenching is then 

d L_ 0 300 600 900 
Time (ps) 

ond flash photolys~s experments w~th  h,,, = 480 nm and A,, = 616 nm. The 
amount of ultrafast quenchlng by R h ( )  is revealed by the prompt loss In inital 
Intensity of emiss~on decay curves measured by flash photolysis and TCSPC 
(A,,, = 400 nm. A,,, = 620 nm). Transent absorpton data are measured w~th  
h,,, = 390 nm and A,,, = 420 nm and are ilt to a bexponental decay, where 
a slow kinetic component is used to descrlbe the offset. The absolute concen- 
tratlons of reagents do not affect the quenching rates nor the amount of 
quenchlng, but are typcally 10 p.M Ru-0s for the emisslon decay experments 
and 20 p M  Ru-0s for transient absorpton measurements. Sonicated calf 
thymus DNA (Pharmac~a), w~ th  an average length of 2000 ? 600 bp, was used 
at a ratio of one Mill) to 50 bp. All experments were conducted in an aerated 
buffer of 5 mM trls and 50 mM NaCl, pH 8.5 at ambient temperature. 
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the presence and absence of acceptor; the 
fraction of eiuission quenching that occurs 
faster than the 10-11s response of this instru- 
ment is rel~ealed by the loss of initial inten- 
sity at zero time. Picosecond TCSPC re- 
vealed initial intensity losses colnparahle to 
those obtained by laser flash photolysis, and 
no additional kinetic coinponents were ob- 
served. The prompt loss of initial intensity 
meas~~red by flash photolysis and TCSPC 
indicates that most of the que~lching occurs 
with ice, > 3 X 10" s p l .  Because a slnall 
amount of reaction occurs on  a tiine scale 
longer than 10 ns, there is a discontinuo~~s 
distribution of photoinduced ET rates, corn- 
posed of a substantial ultrafast component 
(with kc,  > 3 X 10'' S-I) and a smaller 
population n i th  ice, < 10%-'. 

Picosecond transient absorption spec- 
troscopy n7as used to follo\v the recovery of 
the Ru(I1) or Os(I1) ground-state ab- 
sorption at 420 nm (Fig. 2C). In the ab- 
sence of quencher, the ground-state ahsorp- 
tion recovers on a time scale longer than 
3 ns for ':'Ru(II) bound to DNA,  consis- 
tent with the excited-state lifetinles of 
> l i O  11s. As A - R h ( p h ~ ) ~ b p y ~ -  is added to 
A-Ru(phen),dppz2+ hound to DNA, a fast 
component with k - 10 '%pl  is evident ln 
the kinetics of ground-state recovery (22). 
The alnplit~lde of this kinetic component 
increases substantially with increasing 
3-Rh(II1) concentration. A bleach in this 
absorption hand of MLCT could indicate 
the presence of either excited-state donor 
or oxidized donor, or both. The TCSPC 
measurements, however, revealed that no 
quenching occurs with a rate constant of 
10" s-' and that ice > 3 X 101%s-l for the 
major component, so the dynamics mea- 
sured here by transient absorption spectros- 
copy correspond to decay of an ET interme- 
diate; that is, Ru(II1) + Rh(I1) -3 Ru(I1) 
Rh(II1). These data colnbined x i th  other 
spectroscoplc studies establish that quench- 
ing occurs by electron transfer (23. 24). 

Not  all of the donor population 
quenched with high ke, ilndergoes fast ( k I x  
= 9 x lo9  s p l )  back ET, because the 
fraction of fast absorption recovery is allvays 
less than the fraction of ultrafast emission 
quenching (Fig. 2B). For example, at 1 
equivalent ( e q ~ ~ i v )  A-Rh, the fraction of L I ~ -  
trafast quenching is 0.42, whereas the frac- 
tion of fast recornbination is 0.28; therefore, 
67% of the Ru(II1)-Rh(I1) inter~nediates re- 
act with klec = 9 X 10' S - ' .  No interinediate 
persists beyond the excited-state decay of 
i~nquenched l - * R ~ ~ ( p h e n ) ~ d p p z ~ ~  (tiine > 
2 ks) ;  thus, the re~naining 33% of interme- 
diates react a i t h  10' s p l  > itrK > 10%-I. 
It is technically difficult to measure the 
reconhination kinetics in this time w~ndon. 
owing to interfering, spectrally siinilar sig- 
nals from :':M(II). For two other donors, 

Fig. 3. Recovery of A 
ground-state absorp- I 

ton after photoexc~taton , 
for A-Ru(phen),dppz2 ' 
bound to DNA In the 
presence of (A) 1 equlv 2 
and (6) 4 equlv of ;;; -0,001 
1-Rh(phl),bpy3-. The 3 f = 0.63 
plots show translent ab- 
sorpton data f ~ t  to U ( t  ) -0 002  I !  
= M(0)  [f exp(-k,t ) + 1 :  I 
( I  - f)exp(-k,t)], f~t re- 0 500 1000 0 500 1000 

slduals are displayed Time (ps) Time (ps) 

above the data. For the fits shown here, f = 0.28 and k, = 4.0 x 1 O7 s-, for 1 equiv of acceptor, and 
f = 0.63 and k, = 1.2 X 1 0' s '  for 4 eqc~iv of acceptor: k, (= k,,,) was fixed at 8.7 X 1 0%-' in both 
cases. When t IS  not fixed, k, remains constant (21 5%) for each point In the titratlon. The sgnals are 
well-descrbed by a sngle fast rate constant and a second, slower decay: fittng the data to a 
single-exponential function wth an offset gives equivalent results. Conditions are as given In Fig. 2. 

however, transient internlediates have been 
observed on the nlicrosecond time scale 
(23,  24), and these long-lived ET products 
might also be generated in the ultrafast 
qi~enching process. Because recolnbination 
occurs on picosecond to lnicrosecond time 
scales, the distribution of rates is wider for 
the reconlbination reaction than for the 
q~~encl l ing reaction (25). 

Regardless of ahether the average load- 
ing of nletal complexes is 1 in 33 bp or 1 111 

10 hp, the fast dynamics exhibited hy 
l - R ~ ~ ( ~ h e n ) ~ d ~ p z ~ ~  are well descrihed under 
all conditions by an exponential decay ot 
9.0 x 10" s-' (Fie. 3) .  Because ET rates . L, , 

typically decay exponentially wltli distance [ k  
3 e-PK, ahere p is the decay coupling pa- 
rameter and R is distance (26)], a single rate 
sueeests either that ET occurs over only one 

L,L, 

distance or a sllalloa dependence of the rate. 
The reactivity of seven donor-acceptor 

pairs in mixed-sequence DNA was invisti- 
gated (Tahle 2 ) ;  the donors varied with 
respect to shape, hydrophobicity, and pho- 
tophysical properties. The rate constant for 
the fast component of bleach decay was 
independent of the donor-acceptor ratlo, 

and the fraction of this fast conlponent in- 
creased concomitantly nit11 the amount of 
emission quenching, as observed by emission 
measurements. The most significant change 
in driving force is a i t h  Os(phell)2dpl~z2+ 
(-500 mV), hut this decrease has only a 
small effect on kIK. 3-Os(phen)2dppz2+ fol- 
lowed a quenching profile (24) similar to 
that of its isostructural Ru(I1) analog and 
had ice, > 3 X 10'%-', but it exhibited a 
slightly faster k,,, (1.1 x 10"s-I) than did 
Ru(II1) (27, 28). Interestingly, nlore Os(II1) 
recombines nit11 Rh(I1) on the picosecond 
time scale than does Ru(II1). The results 
with Os(phe11)~dppz~- also shoa. that an 
insensitivity of ic,,, to loading still occurs 
a.llen there is not a large difference betaeen 
the intrinsic rate of excited-state decay and 
the rate of recombination. 

T h e  efficiency of emission quenching 
and the rate of back ET are both sensitive 
to stacking of the electron donor in DNA 
(Tahle 2 ) ,  as illustrated by A- and 
A - R ~ ~ ( ~ l ~ e n ) , d p ~ z ~ - .  Table 2 shoas that 
A-Ru(plle11)~dppz~- is q ~ ~ e n c h e d  by 
A-Rll(phi)2hpy3- (3 e q ~ ~ i v )  hound to DNA 
twice as effectively as 1s A - R ~ ~ ( ~ h e n ) ~ d p p z ~ +  

Table 2. ET quenching and ground-state recotnblnation (rec) of photoexclted electron donors bound to 
DNA with A-Rh(ph~),bpy" as the electron acceptor. The %,,,,,,,, represents the amount of total 
quenching at 3 equiv of A-Rh(phi),bpy+-. The 9/or,, values are the fracton of fast ground-state recovebl 
at 3 equiv of I-Rh(ph),bpy", as determined by the preexponential factors of a bexponentla flt. Error 
in rates is estlnated as <15% and in percentages as <5%. Reacton drlvng force AGVor quenchng 
and recombination reactions are calculated from reduction potentials determined by cyclic voltammetry 
( D M F ,  I00 mV s-'). Ratio of DNA bp/donor = 50. Other conditions are as in Fig. 2. h,,, = 73% nm for 
Os(I) etnisslon. 

Donor (1 0'. k r , ~  S-1) % G L I C T C ~  %IBC - I G  CsLlels~7 - I G  C,,c 
( V )  ('4 

'Ratio of DNA bpidonor = 25 
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(29), although both donors are fillly hound 
and the two reactions have the same driv- 
ing force (3C). Also, klec  is 9 X 10%s' for 
A-Ru(pl~en)~dppz'+ but only 5 X 10'' s-' 
for the 11 isomer. The lifetllnes for the A 
isolner hound to DNA are Inore than twice 
those ohserved for A - R ~ ~ ( ~ h e n ) ~ d p p z ~ ~  
(Table I ) ,  indicatine that water is less 

L 

accessible to the right-handed intercala- 
tor. Thus, the excited-state lifetimes of the 
A versus the A isolner in the absence of 
ouencher correlate with the closer stack- 
ing of the right-handed A enantio~ller 
within the rieht-handed DNA helix 131 ) .  " 

Thus, the Inore deeply stacked enant io~ner  
was Inore efficientlv cruenched and sllolx-ed , ' 
faster recombination kinetics. In general, 
there is a correlation between the leneth 
of excited-state lifetilnes and the efficien- 
cy of illtrafast q~ienching (Table 2 ) ,  sup- 
porting the idea that deeper stacking fa- 
cilitates ET. 

Electron transfer is mediated by the DNA 
helix. The rate of ground-state reco-very of 
DNA-bound l - R ~ ~ ( p h e n ) ~ d p p : ~ -  in the 
presence of R11 (kS,, == 1 x 10'%-') was 
nlore than twice that of Ru(phen),dppz'+ in 
water (kL, = 4 X 10" s-') without DNA 
(Table 1) .  This result argues against dis- 
placement of intercalated Ru(I1) colnplexes 
by Rh(II1) complexes, where the excited 
state would sinlply be qi~enched by water 

Position 

Fig. 4. Gel electrophoresis measurements of DNA 
photocleavage by A-Rh(phi),bpy3+. Shown are 
phosphor~mager scans of a 180-bp, [3'-32P]-end- 
labeled DNA restricton fragment from pUC18 (Eco 
RI-PVU 1 1 ) .  (A) Photocleavage of 180-bp fragment 
wth 10 FM l-Rh(phi),bpy3+ irradiated at 31 3 nm 
for 7 mn (33) in the presence (top) and absence 
(bottom) of 10 FM l-Ru(phen),dppz2--. (B) Pho- 
tocleavage of 180-bp fragment wth 10 FM 
A-Rh(phi),bpy9 In the presence (top) and ab- 
sence (bottom) of 10 FM rac-Ru(bpy),dppz2--. The 
tvtlo sets of histograms represent different regons 
of the same 180-bp sequence. Condtions are as 
glven In F I ~ .  2 for photophysical measurements of 
ET. Data analyzed wth ImageQuant software (Mo- 
lecular Dynamics. Sunnyvale, Caiforna). 

outside of the DNA. Moreover, no solvent- 
lsotope effect is seen in quenching titrations 
w ~ t h  Rh(II1) (32) or the klnetics of back ET, 
whereas a significant isotope effect has been 
ohserved for quenching of Ru(I1) in hot11 
acetonitrile and DNA (k,,/k, == 2.2) (1 2 ,  
32). Thus, water does not directly part~cipate 
in the ET reaction. 

The photocleavage assay developed for phi 
complexes of Rh(II1) was used to determine 
the effect of the various Ru(I1) donors on the 
hinding of A-Rh(phi),hpy3+ (33, 34) (Fig. 4). 
The rhodium cotllplex cleaved a 180-bp DNA 
restriction fragment at each base pair site, but 
not with uniforln intensity. We expect the 
seclilence selectivity of dppz complexes of 
Ru(I1) also to be fairly low (12, 14). None- 
theless, if Ru(I1) and Rh(II1) complexes 
bound cooperatively on the DNA, cleavage 
hy Rh(II1) at its preferred sites would become 
still more intense in the presence of Ru(I1). 
The characteristic cleavage pattern 1s 1111- 

changed, however, in the presence of 
~ - R ~ ~ ( ~ h e n ) , d p p z ~ +  or r a c - R ~ ~ ( h p y ) ~ d p p z ~ ~  
(Fig. 4), indicating that neither complex per- 
turbs the hinding of A-Rh(phi),bpy3- under 
these conditions (35). 

Titrations were also carried out with 
poly[d(AT)] and poly[d(GC)] to determine 
the effect of sequence. Transient bleach de- 
cays of A - R i ~ ( ~ h e n ) ~ d ~ ~ z ' +  hound to poly- 
[d(AT)] in the presence of A - R l ~ ( ~ l ~ i ) ~ b ~ y ~ +  
(Fig. 5)  show that the kinetics were largely 
~lnchanged ( i ~ , ~ ~  = 7 x l0%-') compared 
with those of mixed-sequence DNA, but the 
amount of etnission q~lenching was greater 
for the alternating d ( A T )  polymer. In poly- 
[d(GC)] ,  hourever, icrcc is much reduced (2 X 
10%s'), and emission quenching is less 
efficient (16% versus 70% for poly[d(AT)] at 
1 eqiliv of Rh).  Baguley and co-workers (5) 
hare also observed more efficient ET 
quenching 111 poly[d(AT)] than in poly- 
[d(GC)] in their studies with ethidium hro- 
mide and amsacrine. 

This sensiti\,ity to sequence further in- 

Fig. 5. Recovety of ground- 
state absorpt~on of l - R u -  
(phen),dppz2+ bound to 
poly[d(AT)] (top trace) and 
poly[d(GC)] (bottom trace 
and Inset) In the presence 
of A-Rh(phl),bpy3+ For 
poy[d(AT)], k,,, = 7 X 10" 
s- '  (70% at 3 equlv of R h ) ,  
for poly[d(GC)], k,,, = 2 x 
10%-' [47% at 4 equlv of 
R h  (51)] The exc~ted-state 
l~fetmes for l-Ru(phen),- 
dppz2& In the absence of 
quencher are 120 ns (75%) 
and 720 ns (25%) n poly- 
IdfATY and 37 ns 110°/0) 

dicates that ET proceeds through the DNA 
(36) and is not a fi~nction of van der Waals 
contact between bound intercalators; even 
at the nearest available intercalation site, 
the illFeractiol1 distance through DNA is 
10.2 A ,  the neighbor-excluded distance 
(37). Both alterllatitlg polymers are B-form, 
although poly[d(AT)] is considered more 
flexible (38). From the photocleavage 
study, the Rh(II1) complex binds to all 
DNA sites with little preference for AT- or 
GC-rich regions. Hence, neither the integ- 
rity of the DNA duplex nor the binding 
affinltv of the metal com~lexes can account 
for the difference in quenching rates. 

The insensitivity of hack ET rates to 
loading of Rh(II1) intercalators on DNA is 
noteworthy. For randoln hinding of the 
Ru(I1) and Rh(II1) complexes, 2% of the 
RLI-Rh distances are nearest neighbors at 
0.5 equiv of Rh, yet 20% of A-Ru show 
rapid ground-state recovery at this loading 
in mixed-sequence DNA. Similarly, 16% of 
RLI-Rh pairs are in closest contact at 4 equiv 
of Rh, where 60% of molecules return to 
the ground state with k,,, = 9 X 10' ss'. 
The  fast quenching of "'M(I1) is also likely 
simple first order at times <10 ns. If the 
earlti ET kinetics were not first order and 
the rates decayed with an exponential dis- 
tance dependence, we should have observed 
some slower components (lOIC to 1 0  s-I). 
Thus, neither the ouenchine nor the tran- 
sient absorption data are consistent with ET 
over discrete, multiule distances related by 
an exponentla1 decay with distance. 

T o  account for the insensitivity of the 
rate of recolnhination to loading, we consid- 
ered ta-o possibilities: clustering of donors 
and acceptors on the helix and distance- 
independent ET over a finite distance. A 
cooperative donor-acceptor binding model 
leading to a high concentration of nearest- 
neiehhor nairs could account for the ohser- u 

vation of simple first-order kinetics in the 
transient al~sorption data, but the model 

1 I /  Time (ns) 

Time (ps) 

an'd 280 ns (gooh) In p d l y [ d ( ~ ~ ) ] .  Condit~ons are as gven In Fg. 2, except that average lengths of DNA 
are -920 bp for poy[d(GC)] and -1050 bp for poy[d(AT)] (Pharmaca). 
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~ . o u l d  recluire a cooperative binding energy 
of 1.5 kcal molep1 (39) to predict the effi- 
ciency of the ultrafast quenching process at 
low loading of Rh.  Such highly cooperative 
binding of cationic ~netallointercalators on 
D N A  has been obser\:ed thus far only for a 
phi complex of Rh(II1) bearing phenyl sub- 
stituents, which allo\\, intern~olecular con- 
tact of the ancillary ligands (40) ;  by con- 
trast, the ancillary ligands on the molecules 
used here do not permit a significant 
amount of 7i overlap or hydrophobic contact 
betryeen adjacent molecules. Additionally, 
we have compared quenching 111 D N A  and 
in SDS lnicelles ( 3 2 ) ,  u.hic11 are expected to 
encourage ch~stering (41) ,  and found that 
fast iluenching only occurs in the presence 
of DNA.  Also, the photocleavage assay (Fig. 
4 )  provides no  e\:idence for cooperativity. 
Although a cooperative hinding model can- 
not be definitively ruled out in an  experi- 
ment \\?it11 noncovalentlv bound donors and 
acceptors, these studies provide n o  evidence 
for S L I C ~ I  a nhenomenon. 

Without direct contact, an  interaction 
resulting in one donor-acceptor distance is 
difficult to rationalize. Structural studies 
have shown that intercalation of similar 
Ru(11) and Rh(II1) colnplexes cause only a 
local un~ . ind ing  of the double helix (14.  
18).  T h e  observed sequence dependence on 
ET lndeed indicates that recombination 
does not involve reactants in direct van der 
Waals contact. Such direct contact could 
not explain the  >30-fold difference in re- 
colnbination rate observed for poly[d(GC)] 
and poly[d(AT)]. Even a t  closest approach, 
ET proceeds through the p N L 4  over a non- 
bonded distance of 10.1 A. 

Alternatively, ET  lnay be mediated by 
the  D N A  over some distance without a 
significant decrease in rate, rather than  by 
a short-range interaction. A loading inde- 
pendence in  klcL is observed when the  
,~ncillary ligands, the  intercalating ligand, 
the  lnetal center. ancl ex~en the  chiralitv of 
the  elonor is varied. Furthermore, when 
the  Ru(I1) donor and Rh(II1) acceptor 
were covalently ho~lncl and intercalated in 
a 15-bp oligonucleotide ( 4 ) ,  wl~ere~clonor- 
acceptor separations were >40  A, sub- 
nanosecond cluencl~ing was also ohservetl. 
Similarly, long-range ET through D N A  
rvas evident in reactions where photoex- 
cited Rh(pl~i),hL27'i' oxidlzed g~ lan ine  
doublets over 34  '4 (42) .  These results are 
consistent with the  data described here,  in 
~ . h i c h  the  rate of ET through the  D N A  
duplex is fast, depends o n  stacking, and 
over some range of distances, is essentially 
independent of distance. 

In  contrast, the yields of hot11 photoin- 
duced ET and recombination do show a 
loading dependence, indicating that rapid 
long-range ET is precluded for some of the  

"'M(I1) population. Importantly, increasing 
the  co11ce11tration of acceptor leads to an  
Increase in the subnanosecond colnponent 
of both the forrvard and reverse ET reac- 
tions. A plausible explanation is that reac- 
tants become Isolated fro111 one another 
beyond some critical separation (43) ;  the 
fraction of quenching at low lo ac 1' lngs sug- 
gests a reaction range of -20 bp. 

Our results therefore show that ET 
through DNL4 occurs o n  the picosecond 
time ssale over a through-space distance of 
> 10 A at rates approaching those observed 
for initial charge separation in the photo- 
svnthetic reaction center 144). These results 
need to be understood in the context of 
theory and other ex~er imental  observations. 
Pathrvay calculations for ET by a superex- 
change mechanism (45) have been valuable 
ip  describing proteip-mediated ET (rvith 0.8 
A-' < (3 i 1.4 A p ' )  (46).  However, an  
analogy between DNL4 and a-bonded path- 
rvays for ET could not explain the results 
obtained here unless one assul>es a weak 
distance dependence ((3 < 0.2 Ap ' )  for the 
T-stacked medium. T h e  rate renorted for an  
8-bp oligonucleotide bearing lmetal corn- 
~ l e x e s  unstacked and coordinated to the 
sugar-phosphate backbone (8) could be un- 
derstood bv a ~ a t h \ v a v  model in u.hic11 the  o , A 

system limits access ;o the 7i stack. A hop- 
ping model in u.hic11 the individual bridge 
elernents are transiently oxiclized or recluced 
has been usef~ll in descr~bl~lg  conductivity in 
stacked 7i systems in the solid state (10)  and 
may be applicable to D N A  as well (47).  
Other theories Incornor~lte a slnall ~ robab i l -  
ity of therlnal access of the electron to de- 
locallzed hridging states in the D N A  (48),  
thus perlnitting ET thro~igh an  adiabatic 
channel. hlore exserlmental data are need- 
ed before the Jistance dependence of ET 
through D N A  will be well ~~nclerstood (49),  
and our work indicates that theoretical 
models must take into account the sensitiv- 
ity of ET parameters to 7i-stacking interac- 
tlons (7, 3 2 ,  59). Surely, the ET kinetlcs 
observed here paint an extraordinary picture 

for ET through DNA. 
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Low-Frequency Raman Scattering and the Fast 
Relaxation Process in Glycerol 
Takashi Uchino* and Toshinobu Yoko 

Ab initio molecular orbital calculations were used to determine the structure and vibra- 
tional frequencies of the cyclic glycerol trimer, which represents the region of medium- 
range ordering in liquid and supercooled glycerol. The calculations reproduced the 
experimentally observed low-frequency Raman scattering peak (or the "boson peak") at 
-50 per centimeter, which suggests that the peak results from the localized collective 
motions of the cooperatively hydrogen-bonded hydroxyl groups. The calculations also 
suggest that the fast relaxation process may result from the translational motion of each 
glycerol molecule in the cyclic structure. On the basis of these results, a model of the 
glass transition was developed. 

T h e  low-frequency (< - 100 cmP ) relax- 
ations and vibrations in  a inor~hous  svstems 
have been the focus of numerous stuiiies 
aimed at understanding the anomalous low- 
temperature properties and glass transition 
phenomena observed in such systems (1) .  
Although the relaxational part of the dy- 
namics in supercooled liquids is well de- 
scribed by the  mode coupling theory ( M C T )  
(2), the vibrational excitations, generally 
called the "boson peak," cannot be ex- 
plained in terms of h lCT,  and the origin of 
the boson ~ e a k  is stdl unsettled. Thus, un- 
derstanding the boson peak and the fast 
relaxation process near the  glass trans~tion 
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temperature Tg remains an  i~nportant goal 
in solid-state physics. It has recently been 
suggested that the ato~llic ~llotions in a Jne- 
dium-range scale o n  the order of -10 A in 
a111orp11o~1s solids are closely related to the 
boson peak (3). T h ~ s  hypothesis strongly 
suggests that the normal-mode analys~s of 
~llolecules ~llodeling a medium-range order 
(h4RO) in a particular glass will shed light 
o n  the physical origin of the boson peak. 

Glycerol has been widely used to  inves- 
tlgate the  low-frequency vibrational prop- 
erties of liquids and supercooled liquids, 
because 11quid glycerol 1s one  of few sys- 
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t e n s  that  remain in the  lnetastable super- 
cooled state long enough to permit Raman 
scattering (4-8) and neutron scattering 
(7,  9 )  measurements. T h e  low-frequency 
Ralnan scattering spectra of glycerol belom- 
Tc ( 186 K )  are characterized by a nonsym- 
~l le t r ic  boso i~  peak with a broad maximum 
around 50 cin-'; the  peak shifts slightly to  
higher frequencies with decreasing tem- 
perature. Raman scattering lneasurements 
in the  0 - H  stretching region have dem- 
onstrated that  liquid and supercooled glyc- 
erol are self-associated through intermo- 
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lecular hydrogen bonds to  form dimer, 
trimer, and o l i g o ~ l ~ e r  structures (8).  Neu- 
tron diffraction measurements (9 )  have 
de~nonstra ted that  liquid glycerol not  only 
has intramolecular correlations but also 
exhibits some residual strustuse in the  in- 
ternledlate range 12 to  6 A). These find- 
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ings i n d ~ c a t e  that ,  despite the  flexibility of 
each ~llolecular uni t ,  t he  ~ n t e r m o l e c ~ ~ l a r  
distribution function e x h ~ b i t s  s lgnif~cant  
s t r ~ c t ~ r a l  ordering as a result of ~ n t e r m o -  - 
lecular hydrogen bonding. 

Al though the  exact interlllolecular 
collfornlation of the  M R O  in  glycerol has 
not  been determined, it has been demon- 
strated that  small [vater (10) and metha- 
nol (1 1 ,  12)  clusters tend to  form cyclic 
hydrogen-bonded trimers. T h e  intermo- , 
lecular hydrogen bonds in such trinlers are 
considered to be e1111anced by cooperative 
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