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Mechanical C� C Bond Formation by Laser Driven Shock
Wave
Wakako Ishikawa[a] and Shunichi Sato*[a]

Mechanically induced C� C bond formation was demonstrated
by the laser driven shock wave generated in liquid normal
alkanes at room temperature. Gas chromatography mass
spectrometry analysis revealed the dehydrogenation condensa-
tion between two alkane molecules, for seven normal alkanes
from pentane to undecane. Major products were identified to
be linear and branched alkane molecules with double the
number of carbons, and exactly coincided with the molecules

predicted by supposing that a C� C bond was formed between
two starting molecules. The production of the alkane molecules
showed that the C� C bond formation occurred almost evenly at
all the carbon positions. The dependence of the production on
the laser pulse energy clearly indicated that the process was
attributed to the shock wave. The C� C bond formation
observed was not a conventional passive chemical reaction but
an unprecedented active reaction.

1. Introduction

When applying ultrahigh pressure on materials, the interatomic
distances and the arrangement of atoms and molecules are
remarkably changed. At 100 GPa, the intermolecular distances
of materials were reduced by half compared with those at
atmospheric pressure.[1,2] As a result, unprecedent physical and
chemical phenomena were expected to occur. This feature has
stimulated researches such as extraterrestrial material,[3] struc-
tural phase transition,[4–6] insulator-metal transition,[7] metallic
hydrogen,[8,9] high-temperature super conductor[10–12] and disso-
ciation/polymerization of molecules.[13–16] Ultrahigh pressure
produced by diamond anvil cells[17] is static and isotropic,
whereas laser driven shock wave generates dynamic ultrahigh
pressure[18–20] up to 1 TPa[21] compressing objects in one
direction. Highly intense light field enough to generate such an
ultrahigh pressure has been applied to atoms and molecules in
vacuum. As a result, many physical and chemical phenomena
such as high-order harmonic generation,[22] attosecond pulse
generation,[23] photoionization/dissociation[24,25] and Coulomb
explosion,[26] which produced radicals and fragment ions, have
been investigated. However, the radicals and ions can hardly
encounter to react each other in vacuum. By contrast, in liquid
or solid, the radicals, ions, atoms and molecules would easily
encounter to create a new molecule or species.[27,28] In an
analogous way, when one directional and temporal compres-
sion force by laser shock wave is applied to molecules in liquid,
it is expected that a chemical bond between molecules is
created non-thermally and mechanically by drastically reducing

the intermolecular distance without significant deformation of
molecular structure. Recently, a C� C bond formation was
suggested for femtosecond laser irradiation of CO2 gas
saturated water.[29]

In this research, we report that many kinds of alkane
molecules with a larger number of carbons were synthesized
through dehydrogenation condensation of two normal alkane
molecules by applying laser driven shock wave even though
alkanes are well known to be non-polar and chemically stable.
The number of carbon atoms of the major products was just
twice that of starting molecule. For example, the irradiation of
liquid hexane (C6) produced dodecane (C12) and its structural
isomers such as 5-methyl-undecane and 4-ethyl-decane, which
exactly coincided with those predicted by supposing that a C� C
bond was formed between two hexane molecules. Other
molecules with a smaller number of carbons were explained in
the same way. The dependence of the production of the alkane
molecules on the laser pulse energy indicated that the process
was attributed not to multi-photon absorption but to shock
wave. This method can be referred to as mechanically induced
chemical reaction since activation energy needed for reaction
was provided in the form of mechanical energy. Although
conventional chemical reactions strongly depended on thermal
energy and occurred in a temporally random fashion, this
method offered a tool to combine molecules at a controlled
moment at room temperature.

2. Results and Discussion

Firstly, we will present the experimental results for normal
hexane (C6H14) and show that major products were dodecane
and its structural isomers (C12H26) indicating that two hexane
molecules were combined releasing an H2 molecule, namely,
dehydrogenation condensation. The synthesis obeyed a certain
rule that the dodecane and its isomers (C12) identified were
formed by the combination of carbons of each hexane
molecule. Other alkane molecules with a smaller number of
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carbons (CnH2n+ 2; n<12) also obeyed a similar rule. Secondly, it
will be shown that this phenomenon observed for hexane was
universally found for other normal alkanes (n= 5, 7, 8, 9, 10,11).

Figure 1 shows the chromatograms obtained for the normal
hexane irradiated by focused femtosecond laser pulses. The
pulse energy was 0.3 mJ and the repetition rate was 1000 Hz.
The black line on the bottom was for the sample as purchased
and not irradiated by laser pulses. The small peaks were
originated from the impurities included in the normal hexane.
When liquid hexane was irradiated for 12 min by using a lens of
40 mm focal length, many peaks appeared as shown in the blue
line suggesting the production of molecules by laser irradiation.
These peaks became higher when exchanged the focusing lens
to another one with the shorter focal length of 8 mm as shown
in the red line indicating the process was dependent on the
laser intensity at the focus. The laser energy dependence will be
discussed later in more detail. The green line shows the result
when the irradiation time was extended to 60 min. The peak
height increased about fivefold, indicating that the production
was proportional to the irradiation time. Note that the
experimental condition using the lens of 40 mm focal length as
shown in the blue line was almost the same with that employed
in the literatures,[30,31] which reported the formation of polyyne.
The formation was attributed to the photodissociation of
starting molecules and the recombination of the resultant
radicals and fragment ions.[32]

In Figure 1, the name of identified molecule was shown
above each peak of the chromatogram. In addition, the peaks
were grouped by the number of carbons n as represented by
Cn. Briefly, the stronger peaks were distributed in the region

with long retention time. These peaks were grouped as C12 and
identified to be dodecane and its structural isomers, 5-methyl-
undecane, 4-ethyl-decane, 5,6-dimethyl-decane, 4-ethyl-5-meth-
yl-nonane and 4,5-diethyl-octane. The last three molecules
showed a double peak in the chromatogram due to diastereo-
meric property. It should be noted that the number of carbons
of these molecules is just double that of the starting molecule,
hexane.

It is known that there are 355 structural isomers of
dodecane, whereas only six isomers including dodecane were
found in the experiment. If the molecular formation was
accomplished by the recombination of radical, fragment ion,
atom and molecule generated by photoionization and photo-
dissociation of hexane in a similar way to polyyne formation,[32]

other isomers could be formed. Here we consider the combina-
tion between carbon atoms of each hexane molecule supposing
that the C12 molecules found in the experiment were formed
by binding two hexane molecules. To distinguish the position
of carbon atom in a hexane molecule, each carbon is
sequentially numbered from the edge. If a carbon at the edge
(carbon 1) binds another carbon at the edge of each hexane, a
dodecane molecule will be obtained accompanying the
production of a hydrogen molecule. For the combination of
carbon 1 and carbon 2, 5-methyl-undecane is obtained. 4-ethyl-
5-methyl-nonane is for the combination of carbon 2 and carbon
3. Considering a symmetry of hexane molecule, six molecules in
total can be obtained as summarized in Table 1. Surprisingly,
the six molecules listed in Table 1 completely matched with
those found in the experiment. This finding reminds us that

Figure 1. Gas chromatograms for normal hexane. Black line (bottom) is for the sample without laser irradiation. Other lines are for the samples irradiated by
femtosecond laser pulses with an energy of 0.3 mJ and a repetition rate of 1000 Hz. The irradiation time was 12 min and 60 min for the blue and red lines,
and the green line, respectively. Lenses with focal lengths of 40 mm and 8 mm were used for the blue line, and the red and green lines, respectively.
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there should be a formation rule to produce alkanes in our
experimental condition.

Next, the production volume of each C12 molecule was
considered. The production of molecule was estimated from
the area of corresponding peak of chromatogram. Since the
peak heights in Figure 1 were seemingly random, the produc-
tion of the C12 molecules seemed to be irregular. However, the
production turned out to be rather regular after taking account
of the number of combinations between carbons of each
hexane molecule for forming each C12 molecule. For example,
there are four combinations to form dodecane (carbon 1and
carbon 1, carbon 1 and carbon 6, carbon 6 and carbon 1, and
carbon 6 and carbon 6). For 5,6-dimethyl-decane and 4,5-
diethyl-octane, the number of combinations is also four, where-
as the combination number was eight for other C12 molecules
such as 5-methyl-undecane, 4-ethyl-decane and 4-ethyl-5-meth-
yl-nonane. Dividing the production simply estimated from the
peak area by the number of combinations, the relative
productions for the C12 molecules were obtained as shown in
Figure 2. Here, the value for the carbon positions 1 and 1 was
normalized to 1. The difference of production between the
molecules was not as large as it seemed in Figure 1. Looking at
the distribution carefully, it was noticed that the productions
corresponding to the carbon position 1 were close to 1 but
others were larger than 1.4. This difference can be attributed to

the fact that the C� H bond dissociation energy of alkane
depends on the carbon position. It is known that the C� H bond
dissociation energy for carbon position 1, at which the carbon
binds three hydrogens (–CH3) at the edge of a linear carbon
chain, is higher than that for other carbon positions, at which
the carbon binds two hydrogens (–CH2) inside the chain.[33,34]

This means that the C� H bond at the carbon position 1 was
more stable and the efficiency of C� C bond formation between
hexane molecules was lower at the edge of a carbon chain.

Now we will see the dependence of the production on the
pulse energy to investigate the formation mechanism. As seen
in Figure 1, in addition to the peaks ascribed to alkanes, several
oxygen-containing molecules were identified near the retention
time around 6 min. Figure 3 shows the amounts of products as
a function of laser pulse energy for (a) the oxygen containing
molecules and (b) the alkanes. The focusing lens of 8 mm focal
length was used. The repetition rate and irradiation time were
10 Hz and 30 min, respectively. It is noted that the amounts of
products are proportional to the signal intensity of correspond-
ing chromatogram peak, whereas the comparison of the
productions between different molecules can be performed by
the peak area of the chromatogram. Although the production
increased with increasing the pulse energy in both cases, the
variations of slope were obviously different. In Figure 3 (a), the
curves were concave up and the slope increased with the
increase of the pulse energy like a non-linear optical phenom-
enon such as multi-photon absorption. In contrast, the curves
in Figure 3 (b) were concave down. All the curves in Figure 3 (b)
were remarkably similar to each other and approximated by the
shifted power law expressed by I(E) =C(E� Eth)a, where E is the
pulse energy, I(E) is the amounts of products, C and Eth are
constants and α is a variable. The curve fitting was performed
for each molecule and represented by the dashed line in
Figure 3 (b). The averaged best fits of α and Eth for nine alkanes
were 0.76 and 0.10, respectively.

Suppose that the formation of the alkanes was attributed to
laser shock wave. When a focal spot of a femtosecond laser
beam is a point source of laser shock wave, the pressure of
shock wave may be inversely proportional to the square of the
distance from the source like acoustic wave. If the starting
molecules, normal hexanes, can bind each other to form a C12
molecule in a region where the pressure of shock wave is above
a threshold, the volume of reaction will be proportional to the

Table 1. C12 molecules predicted by supposing that a carbon binds another carbon of each hexane molecule. Due to the symmetry of a hexane molecule,
six molecules were deduced.

Carbon position 1 2 3

1 dodecane 5-methyl-undecane 4-ethyl-decane

2
5,6-dimethyl-decane 4-ethyl-5-methyl-nonane

3

4,5-diethyl-octane

Figure 2. Relative production of the C12 molecules taking into account the
number of combinations between the carbon positions of two hexane
molecules for forming the molecule.
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cube of the distance. Considering that the laser shock wave
pressure was proportional to the square root of the laser pulse
energy,[35] the production of C12 molecules will be proportional
to three-fourths (0.75) power of the pulse energy. This
estimation was in excellent agreement with the experimental
results in Figure 3 (b). Hence, the production of C12 alkanes
observed in this experiment can be attributed to shock wave
pressure. The threshold pulse energy deduced from the curve
fitting also supported the generation and contribution of the
shock wave. In contrast, for the oxygen-containing molecules
shown in Figure 3 (a), the different curve behaviour from
Figure 3 (b) suggested that the formation mechanism differed
from that for the C12 alkanes. In this case, oxygen atom could
be supplied from dissolved molecular oxygen in liquid hexane.
Because the number of oxygen atoms in those molecules was
only one, molecular oxygen bond should be broken to
incorporate an oxygen atom into a hexane molecule. The fact
that the oxygen containing molecules were observed only for
C6 compounds suggested that the formation mechanism
differed from the photodissociation of hexane molecule, which
was essential in the formation of polyyne.[32]

We will consider other alkanes containing a smaller number
of carbon atoms, C7 to C11 alkanes. As seen in Figure 1, there
were three kinds of alkanes for each C7 to C11 and their
productions were low compared to C12. It should be noted that
we can recognize regularity in their chemical structure, a
normal alkane, a branched alkane with a methyl group and
another branched alkane with an ethyl group, except for C11,
probably due to quite low production of undecane. Interest-
ingly, the combination rule found for the formation of C12
could be applied to C7 to C11, supposing that a part of hexane
molecule is dropped out at the C� C bond formation. For
example, C10 alkanes (decane, 5-methyl-nonane and 4-ethyl-
octane) can be obtained by the combination of a hexane

molecule with a second hexane molecule of which an ethyl
group is dropped out. Decane corresponds to the combination
of a hexane at the carbon position 1 with a second hexane at
the carbon position 3 missing an ethyl group and keeping a
butyl group. 5-methyl-nonane and 4-ethyl-octane are for the
combination of hexanes at the carbon positions 2 and 3,
respectively. For C11 to C7, the carbon positions of the second
hexane molecule are 2 to 6 missing 1 to 5 carbons and
corresponding hydrogens. In summary, C12 alkanes were
formed retaining all the carbons of two hexane molecules,
whereas alkanes from C7 to C11 lost carbons and related
hydrogens at the occasion of C� C bond formation. In other
words, C7 to C11 alkanes were formed by C� C bond formation
between two hexane molecules in the similar way to C12 alkane
formation but by dropping out a part of a hexane molecule
accompanying C� C bond dissociation at the same time.

A resultant question is what the residuals resulted from the
formation of C7 to C11 are. The possible candidates are C1 to
C5 hydrocarbon molecules. Although the chromatogram in the
shorter retention time region was not shown in Figure 1, C5
molecules such as pentane and pentene were found. The
existence of alkanes and alkenes with a smaller number of
carbons will be clearly shown for other alkanes with a larger
number of carbons such as decane and undecane in the
following.

Laser irradiation of alkanes for pentane (C5) to undecane
(C11) was performed to verify the consideration mentioned
above. The repetition rate was 200 Hz and the irradiation time
was 60 min. The laser pulses of 5.9 mJ was focused by a lens
with the focal length of 8 mm. The signal to noise ratio of
chromatogram was improved and the analysis of the peaks
with small production became possible. Figure 4 shows chro-
matograms obtained for pentane to undecane from the bottom
to the top. For each chromatogram, the data of the starting

Figure 3. Amounts of products produced by the laser irradiation of liquid hexane as a function of the laser pulse energy for (a) oxygen-containing organic
compounds and (b) alkanes. (C10 and C12). The solid lines in (a) were just connecting the data points (closed circles). The dashed lines in (b) represented the
fitting curves to the shifted power law.
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alkane was subtracted from the data of laser irradiated sample.
Accordingly, only the peaks produced by laser irradiation were
shown.

Recognizable peaks in Figure 4 were identified to be alkanes
and alkenes except for a small number of peaks corresponding
to oxygen containing molecules. In the following, we will focus
on the chromatogram obtained for undecane because typical
features common to all the chromatograms appeared in it.
Higher peaks were located in the longest retention time region
as seen for hexane in Figure 1. As predicted by the combination
rule between two undecane molecules, these peaks were
identified to be 21 alkanes (C22) including docosane and its
structural isomers as summarized in Table 2. These alkanes
completely coincided with the molecules predicted by the

combination rule for undecane. The production of each alkane
was depicted in Figure 5. Here the production was normalized
to the production of docosane, which corresponded to the
combination of carbon positions 1 and 1 of each undecane.
Minimum production was observed for docosane, whose C� H
bond dissociation energy was extrapolated to be highest from
the analogy of hexane and heptane.[33,34] The productions of
alkanes that combined at the carbon position 1 of one
undecane were low compared to other alkanes. As a whole, the
production increased with shifting the carbon position of C� C
bond formation from the edge to the center of undecane with
a little undulation probably due to small differences of C� H and
C� C bond dissociation energies between carbon positions.[36]

These features observed for undecane resembled those for

Figure 4. Chromatograms obtained for the femtosecond laser irradiation of liquid normal alkanes from pentane to undecane. Major products were indicated
by their carbon numbers as Cn. In the region filled in light blue, the signal intensity was multiplied by 50.
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hexane as shown in Figure 2. However, the productions for
undecane were relatively higher than those for hexane. This
margin was unable to ascribe to bond dissociation energy. This
problem will be discussed later again.

For C12 to C21, a lot of small peaks were observed at the
shorter retention time region. The molecules predicted by the
combination rule were listed in Table 2. Six alkanes were
inferred for each carbon number by assuming that the carbons
of one undecane was preserved but another one was broken
into two at the C� C bond formation. The production was
relatively low for C12, C20 and C21, which corresponded to the
combination with the carbon at the edge or near the edge. In
the experiment, 13 molecules in total were not observed for
these carbon numbers as indicated by asterisk in Table 2. In
contrast, the peak heights for C13 to C19 were relatively high
and mostly the same each other as seen in Figure 4. Around the

retention time of 16 min, two peaks identified to be (E)-2-
undecene and (Z)-2-undecene were clearly seen. These alkenes
(C11H22) have a double bond between the carbon positions 2
and 3. Because the chromatogram was obtained by subtracting
the data of the liquid undecane as purchased, these molecules
should be formed by the laser irradiation. Possible production
route was directly induced photo-dehydrogenation of unde-
cane molecule or failure of C� C bond formation between
undecane molecules. If so, 1-undecene with a double bond
between the carbon positions 1 and 2 would be another
candidate as a product. Because the retention time of 1-
undecene considerably overlapped that of undecane, whose
signal in the chromatogram was subtracted in Figure 4, it was
difficult to show the evidence of 1-undecene. However, 1-
alkenes for C4 to C9 such as 1-butene and 1-nonane were
identified, even though the retention time of 1-alkenes also
overlapped those of normal alkanes with the same number of
carbons. Note that decane and 1-decene were not recognized
because a significant amount of decane was included in liquid
undecane as impurity. Thus, the existence of 1-alkenes
suggested that a part of undecane was dropped out at
ultrahigh pressure induced C� C bond formation, resulting in
the production of alkanes and alkenes with a smaller number of
carbons, C4 to C10 at least. It should be noted that the boiling
points of C1 to C3 alkanes and alkenes are around 230 K or
lower. Accordingly, these C1 to C3 molecules were hardly
detected by the GC-MS even if those were produced in the
sample.

In Figure 4, the chromatograms for normal alkanes, pentane
(C5) to undecane (C11), were depicted. They resembled each
other, especially for alkanes with a larger number of carbons,
supporting that the production mechanism was the C� C bond
formation by laser driven ultrahigh pressure as discussed above.

Table 2. List of molecules for the femtosecond laser irradiation of liquid undecane. C22 alkanes were predicted by the combination of carbons of each
undecane molecule. For C12 to C21, it was supposed that a part of undecane was dropped out at the C� C bond formation. The residuals of the undecane
were assumed to form alkanes and alkenes for C4 to C10. Asterisk indicates the molecule was not detected.

Carbon num-
ber

Molecules

C22 docosane, 10-methyl-henicosane, 9-ethyl-eicosane, 10,11-dimethyl-eicosan, 8-propyl-nonadecane, 7-butyl-octadecane, 6-pentyl-heptade-
cane, 9-ethyl-10methyl-nonadecane, 8-propyl-9-methyl-octadecane, 9,10-diethyl-octadecane, 7-butyl-8-methyl-octadecane, 6-pentyl-7-
methyl-hexadecane, 9-ethyl-8-propyl-heptadecane, 7-butyl-8-ethyl-hexadecance, 7-ethyl-6-pentyl-pentadecane, 8,9-dipropyl-hexadecane,
7-butyl-8-propyl-pentadecane, 6-pentyl-7-propyl-tetradecane, 7,8-dibutyl-tetradecane, 7-butyl-6-pentyl-tridecane, 6,7-dipentyl-dodecane

C21 heneicosane, *10-methyl-eicosane, *9-ethyl-nonadecane, *8-propyl-octadecane, *7-butyl-heptadecane, *6-pentyl-hexadecane
C20 eicosane, *10-methyl-nonadecane, *9-ethyl-octadecane, 8-propyl-heptadecane, 7-butyl-hexadecane, 6-pentyl-pentadecane
C19 nonadecane, 9-methyl-octadecane, 9-ethyl-heptadecane, 8-propyl-hexadecane, 7-butyl-pentadecane, 6-pentyl-tetradecane
C18 octadecane, 8-methyl-heptadecane, 8-ethyl-hexadecane, 8-propyl-pentadecane, 7-butyl-tetradecane, 6-pentyl-tridecane
C17 heptadecane, 7-methyl-hexadecane, 7-ethyl-pentadecane, 7-propyl-tetradecane, 7-butyl-tridecane, 6-pentyl-dodecane
C16 hexadecane, 6-methyl-pentadecane, 6-ethyl-tetradecane, 6-propyl-tirdecane, 6-butyl-dodecane, 6-pentyl-undecane
C15 pentadecane, 5-methyl-tetradecane, 5-ethyl-tridecane, 5-propyl-dodecane, 5-butyl-undecane, 5-pentyl-decane
C14 tetradecane, 4-methyl-tridecane, 4-ethyl-dodecane, 4-propyl-undecane, 4-butyl-decane, 4-pentyl-nonane
C13 tridecane, 3-methyl-dodecane, 3-ethyl-undecane, 3-propyl-decane, 3-butyl-nonane, 3-pentyl-octane
C12 *dodecane, *3-methyl-undecane, *2-methyl-decane, *4-methyl-decane, *5-methyl-decane, *6-methyl-decane
C11 (E)-2-undecene, (Z)-2-undecene
C10 *decane, *1-decene
C9 nonane, 1-nonene
C8 octane, 1-octene
C7 heptane, 1-heptene
C6 hexane, 1-hexene
C5 pentane, 1-pentene
C4 butane, 1-butene

Figure 5. Relative production of C22 molecules taking into account the
number of combinations between the carbon positions of two undecane
molecules for forming the molecule.
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All the recognizable peaks were identified to be alkanes and
alkenes, which were predicted by the combination rule,
excepted for some oxygen containing molecules. As seen in
Figure 4, the highest peaks were identified to be alkanes with
double carbon numbers (C2n: n is integer) for each starting
alkane (Cn). Two peaks corresponding to 2-alkenes (Cn) were
clearly recognized. In addition, overlapped peaks of alkane and
1-alkene were also observed at the same positions of each
chromatogram. Furthermore, very small but a large number of
peaks appeared at the retention time shorter than 35 min for
the liquid hexane as shown as the second curve from the
bottom in Figure 4. Because this retention time region corre-
sponded to C18 alkanes as seen for liquid nonane (C9), these
peaks can be attributed to secondary products (C18) by the
combination of hexane (C6) and C12 alkanes primarily pro-
duced by the laser irradiation. According to the combination
rule, hexane and six alkanes listed in Table 1 will produce 162
alkanes considering symmetries of the molecules. Thus, it is not
easy to identify each peak but acceptable to ascribe those small
peaks below 35 min in the chromatogram to secondarily
produced C18 alkanes. Furthermore, a lot of much smaller
peaks below the retention of 30 min were thought to be the
secondary products with C9 to C11 alkanes. These secondary
products were also recognized for other alkanes, pentane,
heptane, octane and nonane.

Looking at the chromatograms in Figure 4 carefully, the
peaks corresponding to Cn+ 1 to C2n-1 became higher with
decreasing the carbon number of the starting alkane. This
suggests that the breaking of carbon chain at the C� C bond
formation was more difficult for longer chain alkanes. In other
words, longer chain alkane might be resilient to mechanical
force produced by the laser driven shock wave. This consid-
eration implies that mechanical property of molecule may play
an important role in the reaction. In addition, this resilient
property of longer carbon chain would be related to the
increase of production for undecane shown in Figure 5.

3. Conclusion

We demonstrated the formation of many alkanes and alkenes
by femtosecond laser irradiation of liquid normal alkane.
Identification of the molecules revealed an obvious formation
rule for the alkanes and alkenes produced. For normal alkane
with the carbon number of n (Cn) as a starting material,
identified C2n alkanes were exactly coincident with those
predicted by supposing that a C� C bond was formed between
two alkanes. For the molecules with a smaller number of
carbons (Cn+ 1 to C2n� 1), the same formation rule was
applicable except for the dropout of a fraction of alkane, which
corresponded to the alkanes and alkenes with a smaller number
of carbons than n. The dependence of the production of
identified alkanes on the laser pulse energy indicated that the
formation of the alkanes was attributed to the laser driven
shock wave. Thus, it was concluded that a mechanically induced
chemical reaction was essential for the observed results in the
experiment.

Experimental Section
Normal alkanes (FUJIFILM Wako Pure Chemical Corp.), pentane,
hexane, heptane, octane, nonane, decane and undecane, were
used for experiment as purchased without further purification. A
2 mL aliquot of each liquid alkane contained in a rectangular quartz
cuvette with the pass length of 10 mm was irradiated by femto-
second laser pulses with the pulse energy up to 6 mJ, the pulse
width of 100 fs, the repetition rate up to 1000 Hz, the beam
diameter of 10 mm and the wavelength of 800 nm from a Ti:
sapphire regenerative amplifier (Spitfire Pro, Spectra-Physics). The
laser pulses were focused near the center of the cuvette by a
plano-convex lens with the focal length of 40 mm or an aspheric
lens with the focal length of 8 mm. The laser intensity at the focus
was estimated to be 2.3 × 1014 W/cm2 for the aspheric lens
supposing that the beam diameter at the focal point was 175 μm
considering the spherical aberration at the interfaces between air,
glass and liquid. The laser irradiated samples were analyzed by a
gas chromatography-mass spectrometry system (GC-MS; Agilent
6890 N and 5975 C). The column was DB-1701.
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