
J. Am. Chem. Soc. 1992, 114, 1897-1898 1897 

at both terminals at neutral pH; cf. Scheme I). As expected, the 
Tm values for PNA/DNA hybrids were little affected by changes 
in ionic strength (Table I). 

The stoichiometry was determined by UV-titration curves to 
be 2:1 (2 PNA: 1 DNA), as expected for a nonionic oligothymine 
derivative.25"27 

By extending our findings to other nucleobases, a study that 
is currently under way, it may be possible to design reagents which 
recognize any sequence in single- or double-stranded DNA.28 
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Quantum mechanical theories of nonradiative transitions such 
as electron transfer (ET), nonradiative excited-state decay, and 
triplet-triplet (exchange) electronic energy transfer (EnT) predict 
that when the process is strongly exothermic, the rate will increase 
as the driving force decreases.1"4 This "inverted" rate-driving 
force dependence has been well-established for nonradiative ex­
cited-state decay and for both inter- and intramolecular ET.5"14 

By contrast, relatively few examples exist which provide clear 
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Figure 1. Plot of feq vs A£E„T for the series of (b)ReAn complexes in 
2-methyltetrahydrofuran solution at 298 K (1 = tmb, 2 = dmb, 3 = bpy, 
4 = 4-dab, 5 = 5-dab, 6 = deb, 7 = bpz). A£EnT values were determined 
using the expression given in footnote 21. Error bars on k. are estimated 
as ±15%. The solid line was calculated using eq 2 with the parameters 
listed in the text. 

evidence for the inverted effect for EnT.15'16 

Series of d6 transition-metal complexes with metal-to-ligand 
charge transfer (MLCT) excited states afford unique opportunities 
to study thermodynamic-kinetic relationships for ET and non­
radiative excited-state decay.5,6'9'11,17 This is because the energy 
of the MLCT state (£MLCT)

 c a n De readily tuned by varying 
ligands; and by using a series of structurally related ligands, 
electronic coupling terms are not strongly perturbed.5,6 We have 
recently applied this technique to study EnT from the dir (Re) 
-* 7r* (diimine) MLCT chromophore to the anthracene (An) 
chromophore in the series of complexes (b)ReAn.18 In these 
"bichromophores", the MLCT excited state of the (b)Re'(CO)3 
donor undergoes strongly exothermic EnT to the lowest triplet state 
of the An acceptor via the Dexter exchange mechanism." The 
results of this study provide clear evidence for an inverted de­
pendence of the rate of EnT (kEnT) °n ^Em-

fec-(b)Rel(CO)3-N^-CH2-^^ fec-(b)Re'(CO)3-N^-CH 

(b)ReB (b)ReAn 

Photoexcitation of the (b)Re(CO)3 chromophore in the near-UV 
region populates diimine-based '(ir,ir*) and 1MLCT excited states 
which relax rapidly (k > 1011 s"1) with unit quantum efficiency 
to the luminescent 3MLCT state.20 Strong, relatively long-lived 
MLCT luminescence is observed from each of the (b)ReB model 
complexes which do not contain the An chromophore. By contrast, 
only very weak, short-lived MLCT emission is observed from the 
(b)ReAn complexes. The dominant mode for MLCT quenching 
is EnT: 
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That MLCT quenching is due principally to intramolecular EnT 
is supported by several lines of evidence. First, EnT is strongly 
to moderately exothermic for each complex.21 Second, competitive 
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where £T(An) is the energy of 3An* and £ M L C T >S defined in the text. £T(A.n) 
= 1.79 eV (ref 26), and the £MLCT values were determined from emission 
spectra of the (b)ReB complexes as described in ref 6. 
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quenching by ET from An to the photoexcited (b")Ren center is 
endothermic for b = tmb, dmb, bpy, and 4-dab and thermoneutral 
or only weakly exothermic for b = 5-dab, deb, and bpz.22 Third, 
nanosecond flash photolysis (ns-FP) provides unequivocal evidence 
for rapid formation of 3An* following excitation at wavelengths 
where light is absorbed almost exclusively (>90%) by the (b)-
Re(CO)3 chromophore. Excitation of each (b)ReAn complex (320 
nm, 10 ns fwhm, 6 mJ/pulse) produces a strongly absorbing 
transient with a spectrum (Xma, = 425 nm, X80011I0n. = 405 nm, 
AODmax = 0.8) that is identical to the spectrum of 3An*.23 No 
other transients were observed within the time resolution of the 
ns-FP apparatus, indicating that 3An* is formed with kEnT > 108 

s"1. 
Rates for MLCT quenching (fcq) in the (b)ReAn complexes 

in 2-methyltetrahydrofuran solution were calculated by using the 
expression fca = (l/T{b)ReAn) - (l/T(0)ReB), where T values are 
MLCT emission lifetimes of corresponding (b)ReAn and (b)ReB 
complexes. Figure 1 shows a plot of log kq vs A£EnT; note that 
kq clearly increases as A£EnT becomes less exothermic. 

In the limit of weak interchromophore electronic coupling, the 
rate for exchange EnT from a donor to an acceptor is given by 
the following expression:2,4'15'16 

^EnT = 

—r-\ rh? exPHsD + sA))EZ—r- —r * 
h \\kvT/ r" ,-y-i w,! Vj\ 

( -(A£EnT + X8 + w,hwD + VjhwA)2 

n\ 

In eq 2, Hm is the exchange coupling matrix element,19 SD (SA) 
and huD (ftwA) are, respectively, the unitless displacement and 
frequency of the dominant high-frequency mode which is displaced 
during EnT in the donor (acceptor), X, is the sum of outer-sphere 
and low-frequency inner-sphere reorganization energies for de-
excitation of the donor and excitation of the acceptor, the sums 
are taken over ground-state vibrational levels of the donor (tv,) 
and excited-state vibrational levels of the acceptor (Vj), and the 
other parameters have their usual meanings. This type of ex­
pression has been used extensively to model rate-driving force 
correlations for highly exothermic ET and nonradiative excited-
state decay.1"7'9'11"13 

Equation 2 was used to fit the MLCT quenching rate data for 
the (b)ReAn complexes; the solid line in Figure 1 was calculated 
by using the following parameters: SD = 1.0,5A = 0.9, hw0 = 
ho>A = 1300 cm"1, X8 = 0.15 eV, HDA = 2.2 cm"1. Several key 
features emerge from this fit of the experimental data. First, 
although the line simply represents a six-parameter fit of the rates, 
the values of each parameter are reasonable given the structure 
of the two chromophores and the nonpolar solvent.24 Second, 
it is clear that the calculated line reproduces kq well for b = tmb, 
dmb, bpy, and 4-dab; however, kq is larger than predicted for b 
= 5-dab, deb, and bpz. As noted above, AG for ET from An to 
the photoexcited Re center is thermoneutral or slightly exothermic 
for the latter complexes.22 We believe that the larger than ex­
pected kq values for b = 5-dab, deb, and bpz arise because, in these 
complexes, ET is competitive with EnT, and the kq values represent 
a sum of the rates for the two processes. The relative quantum 
yield for 3An* formation ($T

re1),25 which was determined for each 
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ring stretching modes. S and SD are comparable to values obtained from 
emission spectral fitting studies (refs 5c and 15). \ is associated mainly with 
the MLCT chromophore; the value used in the fit is in accord with experi­
mentally determined X, values for decay of the MLCT excited state in Ru-
diimine complexes (ref 27). 

(d)ReAn complex, provides evidence that a process competes with 
EnT in some members of the series. For b = tmb, dmb, and bpy, 
*T

rel is nearly constant (*T
rel » 1.0, 0.9, and 1.0, respectively); 

however, it decreases along the series b = 4-dab, 5-dab, deb, and 
bpz (*T

rel « 0.8, 0.7, 0.5, and 0.6, respectively). This result 
strongly implies that kq « fcEnT for b = tmb, dmb, and bpy, but 
kq > kEnT for the other complexes. The *T

rel data also suggest 
that the divergence between k„ and kBnT is most significant for 
the latter two complexes, whicn is qualitatively consistent with 
the comparison between theory and experiment in Figure 1. 

Finally, the results presented herein imply that the total re­
organization energy for EnT is markedly less than has been ob­
served for ET in related complexes.9,11 Because of this difference, 
the optimal rate for EnT occurs at considerably lower exothermicity 
than the optimal rate for ET. 
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Bacteriocins are peptides or proteins produced by bacteria that 
display antimicrobial activity against closely related species of 
microorganisms.1 Their potential as nontoxic food preservation 
agents, especially for dairy products and meat, has stimulated 
interest in the production of bacteriocins by lactic acid bacteria.2 

However, with the exception of nisin A, which is well-charac­
terized3 and approved for commercial use in over 45 countries,4 

only a few bacteriocins have been purified to homogeneity and 
had their primary sequence fully elucidated.5 This lack of in-
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