
to place the four dots on a plane. The 
molecules have been synthesized with sev- 
eral different clusters and centers in an ef- 
fort to understand the role of the linkers in 
electron hopping and design molecules 
with appropriate switching behavior. Marya 
Lieberman and her team are investigating 
another kind of potential QCA molecules, 
in which each dot consists of a single ruthe- 
nium atom (see panel C in the figure). 

The QCA approach to molecular elec- 
tronics is very promising, but creating 
functional QCA molecules is just the first 
step. In a device, the molecules need to be 
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attached to a surface in a predetermined 
geometry, inputs and clocking signals 
need to be applied, and the state of the out- 
put cells must be read. Each of these steps 
presents substantial challenges. In addi- 
tion, the whole approach to circuit archi- 
tecture must be rethought if circuits q e  
going to be based on QCA cells rather 
than transistors. Work along these lines is 
under way (8,9). 
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Detecting Resonances 
George C. Schatz 

A n important advance in the field of 
chemical reaction dynamics was re- 
cently achieved with the observa- 

tion of isolated resonances in gas phase bi- 
molecular chemical reactions that have no 
intermediate bound states (I, 2). A "reso- 
nance" is a transient, metastable state pro- 
duced during the reaction. Transient inter- 
mediates are well known in many kinds of 
chemical reactions (and also in nuclear 
and particle physics). What makes the 
newly observed resonances special is that 
they occur near the top of a reaction barri- 
er (the "transition state"), where one 
would not normally expect to find 
metastable states. 

Such nonintuitive resonances first 
showed up in theoretical simulations of 
simple gas phase reactions in the early 
1970s (3, 4). Numerous attempts have 
been made to detect them experimentally, 
including ground-breaking molecular 
beam studies by Neumark and co-workers 
(5). But the several reported "sightings" of 
resonances were later shown to be either 
ambiguous or erroneous (6-8). The new 
observations show resonant behavior for 
several different ~ro~ert ies  of the reaction 

L . 

dynamics and are consistent with high- 
quality theoretical simulations: It appears 
that the long search is over. 

The &reactions studied, H + Dz + 
HD + D (1) and F + HD + HF + D (2), 
are deuterated variants of two fundamental 
chemical reactions, namely the H + Hz and 
F + Hz reactions. F + Hz is an important 
reaction in chemical lasers. H + Hz is of- 
ten considered to be the simplest atom- 
transfer reaction, and interest in this reac- 
tion goes back to the discovery of quan- 
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tum mechanics. London (9) and Eyring 
and Polanyi (I 0) used this reaction to de- 
termine the first potential energy surface 
for a chemical reaction. Such surfaces are 
now widely used in chemistry and biology 
to describe the forces on nuclei during 
chemical reactions. 

On the H + Hz surface, a 9.6 kcaVmol 
barrier separates reactants from products 
(see the figure below). The top of this po- 
tential energy barrier corresponds to the 
linear symmetrical species H-H-H. It is 
this intermediate that is used to determine 
reaction rate coefficients with transition 
state ("activated complex") theory. The 
term "activated complex" might imply a 
metastable intermediate, but the latter term 
is inappropriate for H 
+ Hz, because the 
barrier is usually sur- 
mounted within a 
few femtoseconds- 
not enough time for a 
resonance to estab- A 

lish itself. Neverthe- 
less, theoretical stud- 15 
ies (3,4) showed that 
there can be reso- 
nances in which the 
H-H-H intermediate 
oscillates across the 
barrier a few times 
before falling apart. 
The figure shows 
that these states can 
arise because vibra- 
tional frequencies as- 
sociated with motion 
perpendicular to the 
reaction path are 
lower at the barrier 
top than in the reac- 
tants or products. A 
similar picture ap- 
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plies to the F + Hz reaction, but in contrast 
to H + Hz, it is highly exothermic, with a 
barrier of only 1.5 kcal/mol. 

In nuclear and particle physics, reso- 
nances are often seen in scattering exper- 
iments, where they show up as peaks in 
cross sections determined as a function 
of the collision energy. (A cross section 
is the effective area of a nucleus for a 
scattering or absorption process.) Analo- 
gous measurement of cross sections for 
chemical reactions can be done in either 
crossed molecular beam or laser photoly- 
sis experiments. But observing reso- 
nances in these experiments is extremely 
difficult, because the measurements are 
averaged over a range of orientations, 
translational energies, and directions of 
approach of the colliding species. Thus, 
although resonances are often seen in 
theoretical simulations (where no averag- 
ing is done), they often disappear when 

Dl-stance along reaction path 

Schematic reaction path from reactants to products for H + H,. Low- 
est curve: potential energy function, showing the barrier that must be 
surmounted for reaction to occur. Middle curve: sum of the potential en- 
ergy and the zero point energy (v = 0) associated with vibrational mo- 
tion perpendicular to the reaction path. Top curve: potential plus vibra- 
tional energy associated with the first excited vibrational state (v = 1). 
Because the vibrational frequencies are lower near the barrier top than 
in the reactants or products, the vibrational energy is lowest at the bar- 
rier, and the potential plus vibrational energy shows a well for the first 
excited state.This well can support one or more metastable (resonance) 
states. It is these states that have now been observed in chemical reac- 
tions for the first time (1.2). 
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measurable properties are determined ei- One way to circumvent the averaging 
ther by experiment or simulation. As a problem i.s to perform a direct spectro- 
result, past studies of H + Hz, F + Hz, scopic measurement of the transition state 
and similar reactions have been unable to for the chemical reaction. Such measure- 
attribute observed features to resonances ments were pioneered by Neumark and co- 
with certainty. workers in 1990 (II), who used photode- 

tachment spectroscopy 
5 1.6 on the anion precursor 

P 1.4 
to the neutral transi- 

3 r 
tion state. With this 

g 1.2 technique, resonances - .- were seen in the tran- 
g 1.0 
U 

sition state of the I + 
x ' 0.8 

HI reaction. But the 
= corresponding mea- 

0.6 surements for F + Hz 
m .- were dominated by 
% 0.4 other dynamical fea- 

15.0 20.0 25.0 
30.0 tures (12), and no 

1.5 definitive assignment 
F+HD+HF+D . of resonances could be 

c - 
0 - made. 
u 
g 1.0- The new reports of 
3 r resonances in H + Dz 

S -  and F + HD are based - 
C on measurements un- 
9 0.5- .- 
0 der circumstances where 
X w - resonance behavior is 

not canceled out by 
0.0 I . I ~ I . I . I ~  collisional averaging. 

0.0 0.5 1 .O 1.5 2.0 2.5 3.0 The studies of F + HD 
Now you see it. Excitation function (cross section versus translational reported by Skodje et 
energy) for H + D, [top panel, based on data from (I)] and F + HD al. (2) involve crossed 
[bottom panel, based on data from (Z)]. Each plot presents the mea- molecular beam mea- 
sured results (data points in red) and the results of theoretical simula- surements at low colli- 
tions (blue and/or green cu~es).The peak seen in each panel is a char- sion energies, with si- 
acteristic signature of resonance behavior. In the case of H + D,, the multaneous measure- 
measured results involve an average over scattering angles that de- ments of the angular 
pends on experimental parameters.This results in two slightly different and translational ener- 
theoretical estimates (blue and green curves), depending on the esti- gy distributions of the 
mated uncertainty. products. The H + D2 

P E R S P E C T I V E S :  P L A N T  B I O L O G Y  

Flower Arranging in Arabidopsis 
Paul F. Devlin and Steve A. Kay 

0 
ne of the key factors contributing 
to the success of flowering plants is 
their ability to regulate the timing 

of flowering so that they can take maxi- 
mum advantage of the most environmen- 
tally favorable conditions. Unraveling the 
signal transduction pathways that regulate 
flowering is one of the most exciting areas 
of plant biology research. Now, Samach et 
al. (I) on page 1613 of this issue and 
Blizquez and Weigel (2) in a recent issue 
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of Nature reveal the integrated network of 
molecular signals that induce flowering in 
the weed Arabidopsis thaliana under dif- 
ferent environmental conditions. 

Many plants show a strong seasonality in 
their flowering, which ensures that their 
seeds are produced when conditions are op- 
timal for germination and growth. Plants are 
able to accurately measure day length by in- 
tegrating signals from photoreceptors and 
an endogenous circadian clock. In long-day 
species such as winter wheat (Tnticum aes- 
tivurn), flowering is induced when the dura- 
tion of light exceeds a certain critical length. 
In contrast, short-day plants such as soybean 
(Glycine max) measure the dark period and 
flower when the night exceeds a certain crit- 

laser photolysis work by Kendrick et al. 
(11 involves simultaneous measurements 
\ ,  

of product translational and rotational en- 
ergies. In both studies, a peak in the ener- 
gy dependence of the cross sections is ob- 
served, which is characteristic of reso- 
nance behavior (see figure on the left). 
The resonance in H + D2 has a very short 
lifetime (-10 femtoseconds), whereas that 
in F + HD is longer lived (-100 femtosec- 
ond~). The very short lifetime in H + D2 
barely allows the HD2 intermediate to os- 
cillate twice. The longer lifetime of the 
FHD intermediate corresponds to tens of 
vibrational periods. The key factor stabi- 
lizing this resonance is the low mass of H 
relative to F and D. 

The new measurements provide unique 
information about transition state proper- 
ties that will be important to understand- 
ing properties of potential energy surfaces. 
In addition, the observations should pave 
the way for more routine observations of 
reactive resonances in the future. 
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ical length (3). Many plants also flower in 
response to cold temperatures (vernaliza- 
tion), mimicking the transition from winter 
to spring when conditions for seed germina- 
tion are more favorable (4). Flowering can 
also be triggered by environmental stresses 
such as shading by neighboring vegetation. 
In this case, plant species can best succeed 
by channeling all of their available energy 
into reproduction (5). 

Arabidopsis is a facultative long-day 
plant, that is, it flowers vigorously during 
long days (it also flowers in response to 
cold). These flowering responses are regu- 
lated by the photoperiodic and autonomous 
signaling pathways (see the figure). How- 
ever, in the absence of promoting signals, 
Arabidopsis eventually flowers through a 
day length-independent pathway that fol- 
lows an age-dependent developmental pro- 
gram (6). The study of Arabidopsis flower- 
ing mutants reveals IIIUC~II LLOOUI the signal- 

2 JUNE 2000 VOL 288 SCIENCE www.sciencemag.org 


