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tunneling conductance, Ao/ul, measured by 
inelastic tunneling spectroscopy. We have 
AT/Cr - 0.015 for both CO/Cu (14) and 
CO/Pd(llO), so that the hopping probability 
per tunneling electron should be 10-11, 
which is of the same order of magnitude as 
the experimental results. From the first-order 
process, we also estimate a similar contribu- 
tion to the hopping probability. The situation 
is markedly different for CO/Cu(110): the 
magnitude of 86 is much smaller, and n and 
no are much greater than for CO/Pd(110). 
These differences make the transition much 
more difficult. For CO/Cu (110), we estimate 
P - 10-26 for the second-order process and 
P 10-53 for the first-order process. 

The results for tunneling-induced lateral 
motion of adsorbates presented above should 
open ways for further investigation. We show 
an example in Fig. 4 where lateral motion is 
induced on a CO molecule at the edge of an 
ID array on Pd(110) at 4.8 K. The array is 
formed by dosing a submonolayer of CO at 
room temperature before the sample is cooled 
to 4.8 K. In this process, the CO molecules 
spontaneously form an ordered structure that 
has two times the periodicity of the substrate 
along the [110] direction (23) (Fig. 4A). We 
applied the 1D dose-and-scan method on the 
array of seven molecules at the arrow of Fig. 
4A. With the dosing of electrons at mark "a" 
and "c" in Fig. 4B, a group of CO molecules 
are shifted simultaneously to the right, leav- 
ing the target molecule at its original posi- 
tion. The ability to shift an array of adsor- 
bates is one of the fundamental requirements 
for the proposed atom relay devices (24). 
More generally, we believe that the manipu- 
lation of adsorbates by inducing their lateral 
hopping through dosing of tunneling elec- 
trons, may be a useful tool in nanotechnology 
and for basic research in surface dynamics. 
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The outcomes of chemical reactions depend 
not only on energetics but on how molecules 
are oriented before reaction. In solution, 
steric effects can be used to favor particular 
orientations of reactants to guide reactivity 
and stereochemistry, and surface effects, 
whether exerted by heterogeneous catalysts 
or enzyme pockets, can also favor particular 
orientations of reactants. In the solid-state 
reactions, crystal lattices offer an even greater 
degree of geometrical constraint of reactants, 
but there are few examples of controlling 
reaction conditions (such as temperature and 
pressure) to select different reaction path- 
ways. Chemical transformations occurring in 
molecular crystals at high pressure have been 
reported in a few cases (1-9) . Recently, we 
have also shown that at high pressure, laser 
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irradiation and photochemical effects are a 
further effective regulatory tool of the reac- 
tion mechanism with the twofold effect of 
changing the pure pressure-induced reaction 
pathway and lowering the reaction pressure 
(5, 8). This makes high-pressure reactions an 
appealing preparation method for large-vol- 
ume applications. Here, we used geometrical 
constraints to induce selective chemical reac- 
tivity by applying ultrahigh pressures with a 
diamond anvil cell (DAC), thus varying the 
relative distances and orientations between 
molecules, and selective laser irradiation to 
control excitation. By simply balancing these 
two parameters, we were able to induce and 
fully control the quantitative transformation 
of liquid butadiene to a simple dimer (vinyl- 
cyclohexene) or to a highly stereoregular 
polymer (trans-polybutadiene). 

We were interested in studying trans-buta- 
diene, an unsaturated very reactive molecule, 
because it can give rise to a variety of reaction 
products. Butadiene is also extremely unstable 
at ambient conditions, dimerization being the 
main reaction pathway (10). The dimerization 
is a second-order cyclo-addition reaction. Three 
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different dimers can be obtained depending on 
the mechanism (Scheme 1): (i) [2'r + 27r] 
cyclo-addition yielding 1,2-divinylcyclobutane; 
(ii) [4'rr + 4rr] cyclo-addition, giving 1,5-cy- 
clooctadiene; and (iii) [4,rr + 2rr], the Diels- 
Alder reaction, giving 4-vinylcyclohexene, 
which is the main reaction product. Polymer- 
ization occurs only in the liquid phase or in 
solution at high temperature and only if cata- 
lysts and radical initiators are used (11). Under 
these conditions, polybutadiene is obtained as 
the mixture of the trans and cis isomers found in 
commercial polybutadiene. 

In the present experiment (12), after loading 
the cell with liquid butadiene, the pressure was 
increased in steps of 0.2 to 0.3 kbar, and the 
infrared (IR) spectrum was monitored for more 
than 10 hours at each pressure. At -0.7 GPa, 
new IR bands slowly grew with time.superim- 
posed on those of liquid butadiene. The reaction 
was followed for several days up to the com- 
plete transformation of the monomer in a re- 
coverable product that essentially consists of 
pure vinylcyclohexene (Fig. 1A). The region 
between 600 and 1200 cm-' was selected be- 
cause in this frequency range the absorptions 
due to the vinylcyclohexene and to the polymer 
are easily distinguished. The strongest band of 
polybutadiene occurs at 973 cm-', between the 
two bands of the monomer at 913 and 1016 
cm-', and for vinylcyclohexene characteristic 
bands occur at 659, 671, and 731 cm-l. The 
purely pressure-induced transformation mainly 
produces the dimer, with only trace amounts of 
the polymer. If the pressure was raised up to 
about 1 GPa, the dimerization rate increased 
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Fig. 1. IR spectra showing the kinetic evolu- 
tion of the pressure-induced reaction in liquid 
butadiene at 0.8 GPa and 300 K (A) without 
laser irradiation and (B) while the sample was 
irradiated at 488 nm. Vch and pol refer to the 
characteristic absorption bands of vinylcyclo- 
hexene and of polybutadiene, respectively. 
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considerably, but there was no appreciable ef- 
fect on the polymerization process. Below 280 
K, the liquid does not react on compression 
but freezes, giving a disordered solid. The 
reaction in the solid phase is currently under 
investigation. 

In the pressure-induced polymerization of 
solid acetylene, an important role is played by 
laser irradiation (5). To investigate whether this 
effect is also important in the present case, we 
irradiated the sample with the 488- or 458-nm 
lines of an Ar+ laser after the pressure was 
increased to 0.6 to 0.8 GPa. A few irradiation 
cycles (two or three) with a duration of 2 hours 
and with a typical power ranging between 10 
and 20 mW were sufficient to induce the poly- 
merization reaction and inhibit dimerization. As 
can be seen in Fig. 1B, the intensity of the 
bands assigned to the polymer rapidly increased 
and the formation of vinylcyclohexene was in- 
hibited. Visual inspection of the sample re- 
vealed the formation of a transparent. solid 
product in the cell. The polymer bands did not 
intensify with irradiation at 514.5 nm (Ar+ 
line), thus revealing an energy threshold for the 
photochemical process. The IR spectrum of the 
recovered solid compound is identical to the 
spectrum of the commercial polymer (Aldrich: 
36% cis, 59% trans, and 5% 1,2 adduct) except 
for the absence of the bands characteristic of the 
cis polymer (Fig. 2) (13). The selectivity of the 
photo-assisted high-pressure reaction to give a 
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trans-polymer is remarkable. The formation of 
a linear polymer is also confirmed by the kinet- 
ic analysis of the laser-assisted reaction. The 
kinetic behavior is usually described by report- 
ing the integrated area of a product band as a 
function of time (2, 5). The integrated intensity 
of the infrared band due to the C=C stretching 
mode of the polymer is reported together with 
the best fit according to the Avrami law: A/ 
Ao = 1 - exp[-k(t - to)"], where At is the 

integrated intensity at time +, A, is the same 
quantity measured when the reaction is con- 
cluded, k is the rate constant, and to is the time 
at which the reaction begins (14-17). The ex- 
tremely good agreement with the Avrami mod- 
el, even in the early stages of the reaction 
(nucleation step), is ascribed to the absence of a 
diffusion step involving the transport of the 
reactants to the reactive sites. The fit parameter 
n, which accounts for the polymer growth ge- 
ometry, is equal to 1.86, therefore indicating a 
linear propagation of the reaction (15-17). 

Butadiene is transparent at 488 nm, so it is 
most likely that irradiation at this wavelength 
induces a two-photon transition to the 21Ag 
excited state (18-21). This transition is symme- 
try allowed, and a high cross section has been 
calculated (22). The importance of the 21Ag 
state is central in the photophysics and photo- 
chemistry of polyenes (23-25). Most of the 
attention has been devoted to single molecule 
reactivity, leading either to cyclization or to 
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ization of butadiene 

4-Vinylcyclohexene 

1,5-Cyclooctadiene 

_ 21 / 

/4 
1000 1200 1400 1600 2600 2800 

Frequency (cm-l) 

Fig. 2. Comparison be- 
tween the IR spectra of 
the recovered com- 
pound of the laser-as- 
sisted reaction (lower 
trace) and commercial 
polybutadiene (upper 
trace) from Aldrich 
(composition 36% cis, 
59% trans, and 5% 1,2 
adduct). 
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Scheme 2. Geometrical changes 
in the butadiene molecule in- 
duced by the SO -- S1 two-pho- 
ton electronic transition. The 
bond distances (23, 24) are ex- 
pressed in A. 
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cis-trans isomerization (23, 24), while experi- 
mental (26) and theoretical (27) studies on 
reactions involving more butadiene molecules 
are limited. These reactions seem to occur 
through conical intersections between the ener- 
gy surfaces of the S1 (21Ag) and the SO states 
(24, 25, 27), explaining the efficient nonradia- 
tive decay and the low selectivity (large number 
of products) of the photo-induced reactions. 

The mechanism of the high-pressure poly- 
merization can be pictured as follows. In the S1 
state, the outer C1-C2 and C3-C4 backbone 
bond lengths increase by - 10% compared with 
the ground state and become larger than the 
C2-C3 bond length (28, 29). This structural 
change is accompanied by a lowering of the 
torsional barrier such that a nearly free rotation 
of the terminal -CH2 groups is possible 
(Scheme 2). The geometry changes, together 
with the long lifetime of the SI state, which 
allows collisions with the nearest neighbor mol- 
ecules, favor a development of the reaction 
along the molecular backbone and, at the same 
time, prevent the dimerization, which requires 
an overlapping of ar bonding electron densities 
of nearest neighbor molecules. 

The present experiments give clear evidence 
that laser irradiation plays a fundamental role in 
the activation of the polymerization that pre- 
vails over the competing dimerization process. 
The obtainment of pure trans-polybutadiene is 
indeed a remarkable result. As a whole, the 
high-pressure reaction studied in the present 
report has several interesting features including 
the high selectivity of the process, the easy 
switching from one pathway to the other, and 
the full transformation into the product with the 
absence of solvents and catalysts, thus fulfilling 
several of the requirements for a green chem- 
istry process (30). 
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Measurements of chromium (Cr) stable-isotope fractionation in laboratory exper- 
iments and natural waters show that lighter isotopes reacted preferentially during 
Cr(VI) reduction by magnetite and sediments. The 53Cr/52Cr ratio of the product 
was 3.4 + 0.1 per mil less than that of the reactant. 53Cr/52Cr shifts in water 
samples indicate the extent of reduction, a critical process that renders toxic 
Cr(VI) in the environment immobile and less toxic. 
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Chromium is a common contaminant in sur- 
face water and groundwater (1, 2) because it 
is used widely in electroplating and other 
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industries and occurs naturally at high con- 
centration in ultramafic rocks. Under oxidiz- 
ing conditions, Cr is highly soluble and mo- 
bile as the Cr(VI) anions chromate (CrO42-) 
and bichromate (HCrO4-). Cr(VI) is a sus- 
pected carcinogen (3). Under reducing con- 
ditions, Cr(VI) may convert to Cr(III), which 
is insoluble, strongly adsorbed onto solid sur- 
faces (4), and less toxic. Cr(VI) can be re- 
moved from solution artificially by in situ 
reduction (5, 6), or naturally by reductants 
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