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ABSTRACT

The growing need for production methods with a reduced envi-
ronmental impact drives the search for new synthetic approaches
in chemistry. Here we report the state of the art of a recently
developed branch of ultra-high-pressure chemistry, employing high
pressure to create the necessary reaction conditions to transform
simple hydrocarbons and monochromatic light to trigger and
direct, according to selective paths, the chemical reaction. For the
available systems studied up to now, we will provide an overview
of the different effects that can be obtained by the combined use
of pressure and laser light.

1. Introduction

Very different pressure conditions are found in the
universe, from the intergalactic vacua to the center of
neutron stars, covering more than 60 orders of magnitude,
so that an incredible variety of aggregation states of matter
are produced. This picture makes evident the great
capability of pressure, far exceeding that of temperature,
to modify the properties of matter, thus revealing its
fundamental role in space and geochemistry. Molecular
systems are highly compressible, and volume compression
greater than 1 order of magnitude with respect to atmo-
spheric pressure can be realized. Under these conditions,
the relative weights of the strong intramolecular interac-
tions responsible for molecular bonding, and of the
weaker intermolecular forces defining the aggregation
state, are completely altered, and the repulsive side of the
intermolecular potential is explored. The consequent
increase in free energy can be large enough to exceed the
strength of the molecular bonds, making the system
thermodynamically unstable. This behavior opens wide
possibilities in the chemistry of molecular systems because
it offers a synthetic route to produce new materials
starting from compounds that are extremely stable under
normal pressure and temperature conditions.!? Further-
more, more conventional chemical reactions, such as
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oligo- and polymerization, have also been demonstrated
to be successfully induced in pure systems in the con-
densed phase by the application of a suitable external
pressure.®

The progress in this new synthetic approach is due, to
a significant extent, to recent advances in the techniques
employed to generate high pressure. Static pressures up
to several megabar can be generated by using diamond
anvil cells (DACs), while higher pressures can be generated
dynamically by using shock-wave techniques.* The static
approach is of interest because it allows continuous tuning
of the pressure, control of the temperature from 4 to 1000
K, and the possibility to employ a large number of probing
techniques that allow in situ measurements. All the
spectroscopic techniques have been successfully adapted
to the studies of micrometric samples contained in the
DAC, taking advantage of the diamond transparency from
the X-ray to the infrared region, and of laser or synchro-
tron beams that can be focused on the samples inside the
DAC. For these reasons, the DAC, despite the small sample
volume (50—300 um diameter and 10—50 um thickness),
is the most reliable tool to study the matter under
pressure. The principle of the DAC operation is very
simple: two opposing diamond anvils press the sample
that is laterally contained by a metal gasket. The pressure
applied on the large face of the diamond, and the ratio
between the area of this face and that of the smaller flat
tip in contact with the sample, determine the pressure to
which the sample undergoes (see Figure 1).

The great interest in studying the chemical reactivity
of pure molecular species by using DACs lies in the
possibility to entirely transform these materials in the
condensed phases without employing additional chemi-
cals. Furthermore, pressures as high as 10—15 GPa are
routinely obtained on samples of centimeter size by using
large-volume presses, offering a rapid extension of the
studies in the DAC to synthetic methods of applicative
interest. The interest in condensed-phase reactions has
been well established for some decades, and the recent
extension to the field of ultra-high pressures has shown
the possibility to induce both reversible (O,,° CO,,° N,7)
and irreversible transformations, even in the smallest
unsaturated molecules.?

In this Account, attention is focused on reactions
involving simple hydrocarbons, giving products that can
be recovered at ambient conditions. The reactivity of these
molecules in the gas phase or in solution is known, but
in the solid phase the reaction can follow a completely
different path, since the molecular arrangement is defined
by the crystal structure and the relative orientations and
distances are determined accordingly. Furthermore, the
molecule of interest is at the same time reactant and
solvent, and no catalysts or radical initiators are present
in the reaction environment, thus offering opportunities
for green chemistry. Relevant recent progress in this
synthetic approach is represented by the combination of
high-pressure and selective laser irradiation of the sample.
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FIGURE 1. The diamond anvil cell. (&) The high pressure is
generated on the small sample contained by the two diamonds and
the metallic gasket. A ruby chip is placed together with the sample
for the local pressure calibration by the ruby fluorescence method.
(b) The crater left by the diamonds on the gasket. (c) Photo of a
sample recovered by the high-pressure reaction of benzene.

The idea to combine these two physical tools to drive
chemical reactions derives from basic considerations
concerning the effects of pressure on the electronic states.
Besides an increased overlapping among adjacent elec-
tronic orbitals that scales up the electronic delocalization,
the pressure growth also causes a relative displacement
of the molecular orbitals, such as the commonly observed
approach of empty #* (LUMO) to occupied s orbitals
(HOMO). Furthermore, horizontal displacement along the
configuration coordinate can originate from the different
compressibility of the ground and the excited states along
that coordinate.® The total effect of these processes can
be such that, while the optical absorption energy (vertical
transition) is not much affected by the pressure increase,
the thermal barrier can be significantly lowered, and a
mixing of the ground and the excited states takes place.
These changes in the electronic distribution and in the
molecular geometry can possibly trigger reaction with
neighboring molecules, as has been reported for large
aromatic hydrocarbons such as pentacene, whose reactiv-
ity was explained on the basis of a thermal occupation of
a low-energy z* state.’® According to this scheme, the
change of the molecular geometry, occurring at high
pressure and preliminary to the chemical transformation,
can possibly be induced by the optical excitation of the
molecule to a suitable electronic state, so that the reaction
can be activated or speeded up. This procedure has a two-
fold importance. Once the molecular geometry is properly
changed by electronic excitation, a lower pressure (lower
density) could be sufficient to realize the intermolecular
distance required for the chemical reaction to occur.
Second, the specific molecular deformation can reduce
the number of competitive reaction channels, leading to
a greater selectivity in the reaction products.

2. High-Pressure Photoinduced Reactions

Increasing chemical instability following laser irradiation
has been reported for several unsaturated molecules
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under high external loading. Among simple molecules, it
is worth mentioning the observations reported for CO,12
N»0,4,'2 and Sg.'* The spectroscopic investigation at high
pressure through laser spectroscopy caused, for these
substances, a chemical reaction different from that in-
duced by pressure alone. These results represent nice
examples showing how light absorption strongly affects
the reactivity at very high pressures, but in none of these
studies was a careful characterization of the photochemi-
cal reaction pursued. In the following, we will focus our
attention on small hydrocarbons where the role of elec-
tronic excitation in the activation and propagation of the
reaction has been clarified. Most of the experimental
information is gained from vibrational spectroscopy.® IR
absorption spectroscopy is preferable to Raman spectros-
copy, since laser irradiation is limited to the pressure
calibration by the ruby fluorescence method®® or com-
pletely avoided when alternative pressure sensors are
employed, allowing a complete separation of pressure and
light absorption effects.’® Another advantage of IR spec-
troscopy concerns the possibility to obtain precise kinetic
information from the measurement of the product band
absorption that, in constant pressure experiments where
the sample thickness is fixed, gives a precise measure of
the amount of material transformed.

2.1. Polymerization Reactions. Polymerization reac-
tions represent a relevant section of the transformations
of interest in the high-pressure field. Polymeric materials
are commonly prepared in solution through the employ-
ment of catalysts and radical initiators to obtain highly
stereoregular materials. At high pressure we have, in
principle, the unique chance to induce polymerization
reactions by using the geometrical constraints posed by
the crystal structure or, more generally, by the high
density. Furthermore, the fixed crystalline arrangement
offers the possibility to prepare, through the employment
of specific chemical groups, tailor-made materials with
the desired properties. Unfortunately, crystal defects and
competition among different reaction paths make the
reactions in real systems less selective than expected. In
this section, we will review the role played by laser light
in assisting polymerization reactions of simple model
hydrocarbons.

2.1.1. Acetylene. Acetylene was found to react in the
high-pressure orthorhombic crystal phase when pressur-
ized above 3.5 GPa.'” The color change from transparent
to deep red indicated that the reaction had occurred.
Raman spectra showed the reaction product to be mainly
trans-polyacetylene with a small amount of the cis isomer,
even though the evaluation of the relative abundance of
the two isomers could be altered by resonance effects.’
The amount of cis isomer seems to increase when the
reaction is performed at 77 K and 12.5 GPa, but a cis—
trans isomerization is observed when the temperature is
raised to ambient.’® The polymerization reaction develops
along a precise crystal direction, namely the diagonal of
the bc plane,’® in agreement with the topochemical
principle because in this direction the molecules are
almost aligned and only a small reorientation is required



Laser-Assisted High-Pressure Chemical Reactions Bini

Le]

b L ] ®
® ®
o
®
o [
e o d @
e o )

FIGURE 2. (Top) Molecular arrangement on the bc face of the
orthorhombic cell of acetylene. (Bottom) The molecules involved in
the polymerization reaction lying on the plane containing the diagonal
of the bc face and forming a 39.5° angle with the b axis (o = 109.1°,
d=305A).

to realize the polymer geometry (see Figure 2). Analysis
of the reaction at different temperatures allows zone
boundary translational modes to be identified that are
responsible for both the nucleation and the propagation
steps of the reaction.®

The sudden branching of the polymeric chain is caused
by irradiation with a few milliwatts of the 514.5-nm line
of an Ar" laser. Visual inspection reveals that the sample
turns from deep red to colorless, while the relative
intensities of specific bands in the IR spectrum change
continuously along the irradiation period. Specifically,
absorptions due to vibrational motions involving saturated
carbon atoms increase during irradiation while the bands
involving sp? carbon atoms weaken, thus providing a
sharp indication of the conjugation loss and of the
branching of the polymer chain. This process is inter-
preted straightforwardly on the basis of efficient one-
photon absorption processes to #* antibonding states.!®
In the excited state, the torsional barrier around the C—C
bonds of the chain is lowered, thus favoring the inter-
action with carbon atoms belonging to other polyenic
chains or with acetylene molecules lying out of the bc
plane diagonal, thus inducing the polymer ramification.
The same effect was also found when compression was
pursued above 4 GPa.?° This result has a two-fold impor-
tance, showing that, in principle, by joining light absorp-
tion to pressure effects, i.e., changing the molecular
geometry at high density, on one side we can open new
reaction paths or, alternatively, we can considerably lower
the reaction threshold pressure.

2.1.2. Butadiene. The study of the high-pressure re-
activity of butadiene, the simplest linear conjugated
hydrocarbon, was motivated by the competition existing
in the chemistry of the isolated molecule between dimer-
ization and polymerization. Unless appropriate catalysts
and radical initiators are employed to produce polybuta-
diene,? dimerization prevails, giving different products,
among which vinylcyclohexene is the most abundant.??
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FIGURE 3. Logarithmic plot reporting the time evolution of In(1 —Ay/
Ain) during the dimerization reaction in liquid butadiene at 285 K
and 1.1 GPa. A; and Ay are the integrated absorptions of the band
at 1643 cm™! (C=C stretch) of vinylcyclohexene at time t and at the
end of the reaction, respectively. A linear evolution of the data agrees
with the first-order kinetics reported in the figure. The full line is the
best linear fit from which the rate constant k and the initial time &
of the reaction are obtained.

Dimerization is also the main reaction when liquid
butadiene is compressed at room temperature.?® At 0.6—
0.7 GPa, the monomer transforms after several days in a
transparent liquid, yielding 4-vinylcyclohexene, which can
be recovered after the pressure is released and the cell
opened. Although the same product is obtained by both
ambient and high-pressure reactions, the analysis shows
a first-order kinetics at high pressure (see Figure 3), while
the ambient pressure dimerization is a second-order
concerted (Diels—Alder) reaction. Even though both dimer-
ization processes are bimolecular, their mechanisms are
different. As a matter of fact, the process cannot be
concerted at high pressure, as it can also be derived from
the missed observation of cis monomers, and a multistep
process, characterized by a rate-limiting step consisting
of an internal rearrangement, must be taken into account.

When butadiene is compressed to 0.6—0.7 GPa and is
simultaneously irradiated with less than 20 mW at 488 or
458 nm, the complete transformation of the monomer to
trans-polybutadiene occurs in less than 50 h.?® Laser
irradiation is necessary only in the early stages of the
reaction, which proceeds also when the laser light is
switched off. The activation of the reaction sharply
depends on the incident wavelength, revealing a threshold
for the reaction; in fact, the green line at 514.5 nm does
not activate the polymerization reaction and the usual
dimerization to vinylcyclohexene takes place. The pho-
tochemical nature of the reaction appears evident from
these results, but, unfortunately, the analysis of the
process must be based on the ambient-pressure structure
of the electronic states since no high-pressure data are
available. There is some debate about the symmetry of
the S; state (1'B, or 2'Ay) and about the location of the
21A, state (from 5.5 to 7.4 eV).2425 Since the lowest-energy
photons that are useful to induce the high-pressure
polymerization possess an energy of 2.54 eV, it is clear
that we are exciting the butadiene molecules through a
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FIGURE 4. Two-photon excitation to the S; (2!A,) state and the
corresponding change of the butadiene molecular geometry.

two-photon absorption process. Furthermore, due to the
very low laser power necessary to induce the transition,
the final state should be the 2!A; since the two-photon
transition to this state is symmetry-allowed and an
elevated cross section has been calculated.?®

The 2!A4 is considered to be the central state in the
photochemistry of butadiene,?” because from this state the
molecule relaxes to the ground state through nonradiative
processes, likely in the form of funnels connecting the two
energy surfaces.?® Different accessible trajectories in the
ground state give rise to a distribution of possible prod-
ucts, making the photochemical reaction in the isolated
molecule not selective. The peculiarity of the high-
pressure reaction is that the molecule reacts directly in
the excited state, the interaction time with the nearest-
neighbor molecules being at least comparable with the
S lifetime. In the S; state, corresponding to the excitation
to an antibonding * MO, the molecule is stretched (~7%)
and the rotational barrier around the double bonds is
lowered.?®3° Two consequences result from these geo-
metrical changes, shown in Figure 4. First, there is a
significant reduction of overlapping of the z-bonding
electron densities of nearest-neighbor molecules, which
is the primary requirement for the dimerization process.
Second, the CH, terminal groups rearrange to minimize
the steric repulsion between the same groups of nearest-
neighbor molecules, therefore favoring the head-to-tail
interaction, a mandatory step for the polymerization.

The reaction of butadiene at high pressure has also
been studied at different pressures (2—6.6 GPa) in the
ordered crystal phase | (C5, Z = 2).3! Below 4 GPa,
vinylcyclohexene is the only product of the reaction.?? By
studying the reaction evolution with time, the order and
the activation volume have been determined, and a three-
step mechanism has been proposed for the dimerization.
In this scheme, the dimer is formed by the two molecules
of the primitive cell (full molecules in Figure 5). Above 4
GPa, an increase of the dimerization rate is found as the
pressure is raised, while the formation of the polymer is
also detected. These results are explained by the reduction
of the intermolecular distances due to the volume con-
traction of the crystal cell. The polymer growth involves
different pairs of molecules in the unit cell, other than
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FIGURE 5. Schematic arrangement of the molecules in the
monoclinic unit cell of butadiene. Only the molecules of interest for
the discussion are shown, while the orientation and position of the
other units can be found by translating the molecules reported in
the figure along the cell axes. Dimerization occurs in the bc plane
between the full molecules according to the mechanism sketched
on the left side. Polymerization involves the molecules lying in the
ab (dashed lines) or in the ac planes. Plus and minus signs indicate
the position of the C=C bonds with respect to the bc plane.

those responsible for the dimer formation, in such a way
that only an out-of-phase translational motion is required
to bring the molecules into a suitable configuration for a
head-to-tail interaction (dashed molecules in Figure 5).
The polymeric chains formed according to this scheme
produce vacancies in the lattice that favor the rate-
determining step of the dimerization reaction (the internal
rearrangement), accelerating the formation of the dimer.3!

When laser irradiation is employed to trigger the
reactivity of the crystal, different effects are observed. The
polymerization reaction is induced also below 4 GPa, and
the amount of polymer produced increases with the
irradiation time, being, in any case, much higher than that
in the purely pressure-induced reaction. Nevertheless, in
contrast to the results obtained in the liquid phase, the
dimerization always prevails over the polymerization
reaction. This result can be explained by considering that
the laser light is absorbed through a two-photon process,
like in the liquid phase, and the molecules excited to the
S; (2'Ag) state are stretched (~7%), making the intermo-
lecular distances shorter. The effect is therefore analogous
to that obtained by raising the pressure (higher density)
or the temperature (larger amplitude of the lattice mo-
tions); nevertheless, the decrease in the intermolecular
distances is less isotropic in the laser-assisted reaction,
being directed along the molecular backbone so that the
selective head-to-tail attack, and then the polymerization
process, is favored. Also in this case, the polymer forma-
tion speeds up the dimerization process, favoring the
internal rearrangement step.

2.1.3. Other Systems. Preliminary results concerning
the optical catalysis of high-pressure polymerization reac-
tions have also been obtained in other two model sys-
tems: ethylene and propylene. Polyethylene is obtained
in syntheses activated by both radical initiators and
catalysts, while polypropylene is generally prepared from
the monomer by only catalytic methods. In both cases,
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the preparation method determines the characteristics of
the final product. Linear polyethylene is by far more
interesting than the branched one, and when linear chains
having a molecular weight larger than (3—5) x 106 are
produced, we are looking at one of the most resistant
materials. On the other hand, the position of the methyl
group with respect to the polymer backbone is the feature
that determines the properties of polypropylene (tacticity).

Compressed ethylene reacts in the solid phase at 2.5
GPa,® whereas propylene starts to transform at 3.1 GPa
when it is likely still liquid. Both reactions, characterized
by IR absorption spectroscopy, show a slow evolution with
time, and in the case of propylene the reaction does not
proceed further after only a small amount of monomer is
transformed. Polyethylene and a mixture of propylene
oligomers are obtained in the two reactions. Even though
a full characterization of the laser-assisted reaction is not
yet available, we obtained two important results when an
optical catalysis was employed. First, the reaction thresh-
old pressure is lower under irradiation, and thus the
transformations are observed in both cases below 1 GPa.
The wavelength dependence is currently under investiga-
tion; therefore, a precise picture of the electronic states
responsible for the reaction activation cannot be obtained,
but in both cases the molecules are likely excited to the
lowest singlet excited state, corresponding to a s*-anti-
bonding configuration. The second effect is that both
reactions are greatly speeded up, allowing the amount of
propylene transformed to be substantially increased, while
all the monomer converts to the polymer in the case of
ethylene. Therefore, in these cases the catalytic role of the
laser light is also two-fold: to increase the reaction yield
and to define less drastic pressure conditions for the
reaction to occur.

2.2. Reactivity of Aromatic Molecules. Aromatic mol-
ecules are, in general, characterized by a different high-
pressure reactivity with respect to linear unsaturated
hydrocarbons, because the stability of the aromatic ring
makes the pressure threshold for the reaction much
higher. A reactivity scale analogous to that of the isolated
molecule is found for the simplest aromatic and het-
eroaromatic systems; in fact, in order of increasing mo-
lecular instability, benzene, thiophene, and furan react at
21—-23,335 16,% and 10 GPa,® respectively. In more
complex molecules containing other reactive centers, such
as phenylacetylene (C=C) and styrene (C=C), the reaction
occurs at lower pressure, driven by the greater reactivity
of these groups, and does not involve the aromatic ring.3%3°
Another important difference with respect to the linear
hydrocarbons is that the reaction kinetics are too fast to
be detected by a frequency-resolved technique and evolve
only upon increasing the temperature or the pressure. The
mechanism of the reaction has been identified in the case
of benzene® and later confirmed in furan.¥” With increas-
ing pressure, there is a progressively growing interaction
among nearest-neighbor carbon atoms belonging to dif-
ferent molecules, but only part of the monomer trans-
forms when pressures 3—4 times larger than the threshold
value of the reaction are applied. The reaction occurs
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FIGURE 6. Photoinduced reaction in benzene at 15 GPa. The laser
wavelength is tuned through the red absorption edge (see inset),
and the effect of a 5-h irradiation cycle is revealed by the growth of
the broad C—H absorption band due to saturated carbon atoms,
which indicates the bonding among nearest-neighbor benzene
molecules.

mainly when the pressure is released through opening the
aromatic ring. This behavior is due to the large rearrange-
ment the molecules must undergo to realize a four-fold
coordination of the carbon atoms (saturated species
characterize the recovered product); such rearrangement
is inhibited at high pressure by the high density of the
crystal. This scheme implies a lack of selectivity of the
process since no preferential paths are identified on the
basis of the crystal arrangement. The unselective ring
opening and also the hydrogen migration are particularly
clear in the case of furan, where the oxygen atom behaves
as a marker of the reaction evolution.®” The products
recovered in these reactions are amorphous hydrogenated
carbons (a:C—H) presenting interesting peculiar properties
with respect to analogous samples prepared by CVD
techniques.®®

The pressure of the reaction can be lowered consider-
ably when laser light of suitable frequency is focused on
the sample. Only qualitative information is available for
thiophene, where the reaction pressure threshold drops
to less than 10 GPa,% while a more carefully analysis has
been performed for both benzene*® and furan.** Charac-
terization of the pressure evolution of the electronic
absorption edge of benzene allowed precise tuning of the
exciting wavelength through this edge, revealing that the
high-pressure reaction is activated in less drastic pressure
conditions by exciting the molecules to the S; state*®
(Figure 6). This result opens different possibilities to
explain the high-pressure reactivity of benzene. According
to the picture provided by Drickamer for pentacene,'® the
pressure increase can favor a large relative displacement
of the ground and S; states, considerably reducing the
thermal activation energy for this transition. Unfortu-
nately, calculation of this thermal barrier from the optical
transition energy requires the knowledge of specific
parameters, such as the transition bandwidth,® which are,
in general, unknown at high pressure. From the estimation
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of the thermal barrier on the basis of the available
spectroscopic data, it is found that a huge pressure
broadening is required in order to have a non-negligible
thermal population on S;. Another possible interpretation
is based on the change of the molecular geometry in the
first singlet excited state, where a symmetric expansion
of the ring occurs and all the C—C bond lengths increase
by 3.7 pm.*2 As a consequence, the distance between
nearest-neighbor carbon atoms of two coplanar mol-
ecules, assuming the crystal structure given in ref 43, is
reduced by 6.4 pm. According to our X-ray diffraction data,
this reduction is very close to the distance decrease
between nearest-neighbor C atoms of parallel molecules
on going from 15 to 21 GPa, thus indicating that the
distance between nearest-neighbor C atoms of different
molecules is the same in the room-temperature pressure-
induced reaction and in the laser-assisted reaction at 15
GPa. Recent IR and X-ray diffraction studies as a function
of temperature show that the reaction threshold pressure
is strongly temperature dependent, varying from 28 GPa
at 100 K* to 13.5 GPa at 540 K. This result is readily
interpreted as being due to the increased amplitude of
the lattice motion on raising the temperature.'® By cal-
culating the nearest-neighbor distances between C atoms
at different reaction pressures, including also the dis-
placement due to out-of-phase (zone boundary) transla-
tional motions, we obtain for all the different P—T points
where the reaction occurs values ranging between 2.5 and
2.6 A. This result indicates that the high-pressure reaction
in benzene is driven by the relative distance of the
molecules, which can be modified both thermally and
photochemically.

In the photoinduced reaction of furan, the reaction
pressure is lowered to 3 GPa when the 458-nm laser line
is employed, and a precise threshold wavelength, red-
shifting with increasing pressure,* is identified.** This
information, in combination with the knowledge of the
electronic states at ambient pressure, points to a photo-
chemical activation of the reaction through a two-photon
absorption process. In contrast to the case with benzene,
the products obtained in the pressure-induced and in the
laser-assisted reactions present remarkable differences
(see Figure 7). Comparison between the IR spectra of the
recovered samples obtained in the two cases shows the
presence of a considerable amount of carbon dioxide and
an increase of the carbonyl absorption in the laser-assisted
reaction, suggesting a preferential dissociation involving
breakage of the C—O bonds. The two-photon energy
employed in the high-pressure photoinduced reaction is
very close to the onset of the absorption to the lowest
excited states, all having Rydberg character in the isolated
molecule with the exception of the 1'B, and 2'A; states,
which have a mixed & — z* valence-Rydberg and a pure
m — m* nature, respectively. Even though the Rydberg
states have been found to be responsible for the photo-
chemical dissociation of the isolated molecule through
selective C—O bond cleavage,* their role at high pressure
should be not relevant since only the electronic states
having valence character should undergo a red shift with
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FIGURE 7. Comparison of the IR spectra of the compounds
recovered by the purely pressure-induced (a) and by the laser-
assisted reaction (b) of furan. Asterisks indicate the CO, absorption
bands. Also remarkable is the intensification of the C=0 stretching
band in the laser-assisted reaction.

increasing pressure. As the pressure is increased, the
products of the photoinduced reaction are progressively
more similar to those of the purely pressure-induced
reaction, demonstrating the importance of the molecular
arrangement in the crystal. On going from the orienta-
tionally disordered phase IV to the ordered phase Il (4 <
P < 6.5 GPa),*” CO, formation is gradually inhibited,
probably due to molecular localization in positions that
do not allow the simultaneous interaction of a carbon with
two oxygen atoms.

3. Conclusions

The high-pressure chemistry of simple hydrocarbons
differs substantially from the chemistry at ambient condi-
tions as far as the products and the reaction mechanisms
are concerned. These changes are due to the geometrical
constraints posed by the higher density, and to the
modification with pressure of the electronic molecular
structure. High-pressure chemical reactions occur when
specific interaction orientations and distances are realized
among the molecules of the compressed fluid or solid. It
is easy to understand that, under these conditions, the
effect of producing excited molecules through light ab-
sorption corresponds to altering the molecular and elec-
tronic structure and can result in creating the conditions
for the reaction to occur. In this Account, we have
reported some examples of laser-assisted high-pressure
reactions of very simple model molecules. We have shown
that the laser light absorption is extremely powerful for
lowering the reaction threshold pressure in almost all the
systems studied. This is a very important result, allowing
for a possible extension of these synthetic methods to
industrial large-volume presses. Furthermore, by modify-
ing the molecular and electronic structure, new reaction
channels can be opened or, alternatively, a specific path
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can be selected among competitive reactive processes, as
clearly demonstrated in the case of butadiene. At the
present time, the main limitations to these studies are
represented by the missing knowledge of the behavior of
the electronic states as a function of pressure, which is
mandatory to understand which states are involved in the
reaction, and a big effort should be made in this direction.
We think that these results reveal the potential of a new
field that, although still in its infancy, opens new pos-
sibilities for specific synthesis, polymerization for instance,
to be entirely realized with physical methods.
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