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Electrical conductivities of methane, benzene, and polybutene shock
compressed to 60 GPa „600 kbar …

W. J. Nellis, D. C. Hamilton, and A. C. Mitchell
Lawrence Livermore National Laboratory, University of California, Livermore, California 94550

~Received 28 December 2000; accepted 25 April 2001!

Electrical conductivities were measured for methane, benzene, and polybutene shock compressed to
pressures in the range 20 to 60 GPa~600 kbar! and temperatures in the range 2000 to 4000 K
achieved with a two-stage light-gas gun. The data for methane and benzene are interpreted simply
in terms of chemical decomposition into diamondlike, defected C nanoparticles and fluid H2 and
their relative abundances (C:H2), 1:2 for methane and 2:1 for benzene. The measured conductivities
suggest that conduction flows predominately through the majority species, H2 for methane and C for
benzene. These data also suggest that methane is in a range of shock pressures in which dissociation
increases continuously from a system which is mostly methane to one which has a substantial
concentration of H2. Thermal activation of benzene conductivities at 20–40 GPa is probably caused
by thermal activation of nucleation, growth, and connectivity of diamondlike, defected C
nanoparticles. At 40 GPa the concentration of these C nanoparticles reaches a critical density, such
that further increase in density does not have a significant affect on the cross-sectional area of
conduction and, thus, conductivity saturates. The electrical conductivity of polybutene~1:1! is very
low. While the mechanism is unknown, one possibility is that the electronic bandgap of whatever
species are present is large compared to the temperature. Electrical conductivity measurements are
proposed as a way to determine the melting curve of diamondlike C nanoparticles at 100 GPa
pressures. ©2001 American Institute of Physics.@DOI: 10.1063/1.1379537#
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I. INTRODUCTION

The nature of hydrocarbons at high pressures and t
peratures is a question of ongoing scientific interest. Meth
is a major constituent of the ‘‘ice’’ layers in Uranus an
Neptune, where pressures range between 20 and 600
and temperatures range between 2000 to 8000 K.1,2 The elec-
trical conductivity of methane at these conditions is imp
tant for understanding its contribution to planetary magne
fields, which are caused by convective dynamo action
electrically conducting fluids.3

At sufficiently high pressures and temperatures, hyd
carbons, including methane, are thought to decompose
H2 and diamond.4 However, at lower pressures and tempe
tures near the onset of decomposition a more complex m
ture of H2, C, and various hydrocarbons probably form
Single-shock compression~Hugoniot! experiments achieve
high pressures and temperatures which induce decomp
tion but have relatively short lifetimes~;100 ns!. Such a
lifetime is long enough for nucleation and growth of di
mondlike nanoparticles, C polymers, molecular hydrog
and/or nanoclusters of heavy hydrocarbons, such as hig
order alkanes. The exact pressures and temperatures req
for decomposition are unknown.

On the methane Hugoniot5 shock conditions required fo
decomposition have been suggested to range from 20
and 2000 K based on chemical equilibrium calculations,6 up
to 33 GPa based on tight-binding molecular dynamics wit
54-molecule simulation cell,7 and up to;100 GPa based on
quantum molecular dynamics with a 16-molecule simulat
cell.8 Both of the latter simulations were run for;1 ps. The
1010021-9606/2001/115(2)/1015/5/$18.00
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latter molecular dynamics simulations indicate that the d
sociation products at pressure below;100 GPa and tem-
peratures of;4000 K are a mixture of hydrocarbons, whic
separate into hydrogen and carbon only above 300 G
Methane decomposes at high static pressures and tem
tures in a diamond-anvil cell,9 in qualitative agreement with
Ree’s prediction.4

Benzene, in contrast to methane, decomposes at 13
on its Hugoniot.10–14At much higher shock pressures chem
cal equilibrium calculations of decomposed benzene sug
that the dominant reaction products are diamond and2,
with the possible inclusion of small concentrations of hi
molecular weight species, such as alkanes.15 Molecular dy-
namics simulations of shock-compressed benzene ar
good agreement with the onset of decomposition observe
13 GPa and with the Hugoniot measured at high
pressures.16

Because at sufficiently high pressures and temperat
hydrocarbons are thought to decompose simply into d
mondlike C and H2,

4 we have measured electrical condu
tivities of three hydrocarbons with varying relative conce
trations of C and H2 to see if, in fact, the data could b
understood simply in terms of the conductivities of diamon
like C and H2. High pressures and temperatures we
achieved by single-shock compression. This approach
been made possible by conductivity measurements on fl
H2 shocked to pressures of 10 to 180 GPa17–19and on graph-
ite shocked into the diamond phase.20 Scaling relationships
have been developed to estimate electrical conductivitie
fluid hydrogen over this extensive range of pressures, de
5 © 2001 American Institute of Physics
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TABLE I. Electrical conductivitiess of singly shocked-compressed benzene~CBZ!, methane~CH4!, and
polybutene~PBC!. ul is impactor velocity,P is pressure,r is density, andT is temperature. Initial densities wer
0.874, 0.428, and 0.89 g/cm3, respectively. Initial temperatures were 298 K for benzene and polybutene an
and 106 K for CH4-C3 and CH4-C4, respectively. Impactors struck Al baseplates in all cases. Shock te
tures were obtained by interpolation or extrapolation of the data in Ref. 15 for benzene and polybutene
Ref. 29 for methane. Pressures, densities, and temperatures have absolute uncertainties of 3%, 5%, a
respectively.

Shot Impactor
ul

~km/s!
P

~GPa!a
r

~g/cm3!
T

~K!
r

~ohm-cm!21

CBZ-7 Al 4.798 21.4 1.97 2200 (2.360.2)31023

CBZ-14 Al 5.505 26.8 2.06 2600 (564)31022

CBZ-6 Al 6.112 31.7 2.12 2900 2.460.4
CBZ-4 Al 6.801 37.8 2.18 3300 50630
CBZ-10 Al 7.073 40.4 2.21 3400 3066
CBZ-11 Al 7.083 40.5 2.21 3400 2065
CBZ-15 Ta 5.405 50.1 2.29 3900 46610
CBZ-16 Ta 6.119 61.4 2.35 4300 3668

CH4-C3 Al 7.510 26.3 1.10 3200 (2.760.5)31024

CH4-C4 Ta 6.151 36.5 1.21 3900 0.360.2

PBC-2 Ta 7.4 45 1.8 2300 ,1025

a1 GPa510 kbar.
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ing
ties, and temperatures.21,22 Since diamondlike nanoparticle
are shock synthesized in;100 ns, they are expected to b
heavily defected. The conductivity of shock-synthesized d
mondlike particles is assumed to be roughly constant w
pressure and temperature.

Three hydrocarbons were chosen which span a rang
C content. Methane (CH4), polybutene (n-C4H8), and ben-
zene (C6H6) have ratios of C to H2 (C:H2) of 1:2, 1:1, and
2:1, respectively. The measured conductivities suggest
conduction flows predominately through the majority sp
cies, H2 for methane and C for benzene. The conductivit
also suggest that methane undergoes a continuous tran
from a fluid at 26 GPa, which is mostly methane, to one at
GPa which contains a substantial amount of H2. At the pres-
sures in these experiments benzene is completely dec
posed and conduction is probably dominated by conduc
through C nanoparticles, although C polymers16 and other
species might be responsible. Polybutene is a very poor e
trical conductor at a shock pressure of 45 GPa and
mechanism of its conduction is not known.

II. EXPERIMENT

High pressures and temperatures were achieved
single shock compression obtained by impact of a m
plate onto a target specimen. The metal impactor plate
accelerated to several km/s with a two-stage light-gas g
Shock pressures, densities, and internal energies achiev
the fluid samples were calculated using the shock impeda
matching technique, the measured impactor velocity23 and
the Hugoniot equations of state of the metal impactor,24 Al
base plate,24,25and fluid samples.5,15 Electrical conductivities
were determined by measuring the resistanceR of the shock-
compressed sample and calculating the resistivityr ~inverse
of conductivitys! from the measured geometrical cell co
stantC. The cell constantC5R/r was determined by mea
suring the resistance of the cell containing a liquid of kno
t 2005 to 128.103.60.225. Redistribution subject to AI
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resistivity prior to the shock experiment. The electrical c
cuits were described previously.26–28 Conductivity voltage
histories were measured with;2 ns time resolution. Typica
experimental lifetimes were a few 100 ns. The cryoge
cooling system for the liquid methane experiments was
scribed previously.5,28 Liquid methane samples were con
densed from high-purity gas. Mass spectrographic anal
of the reagent-grade benzene showed that the major imp
was N with a concentration of,0.08 mol%. The polybutene
was supplied by Chevron Oil Company and was also use
measure the Hugoniot equation of state of polybuten15

Shock temperatures of methane,29 benzene,15 and
polybutene15 were measured previously. Temperatur
achieved in the conductivity experiments were obtained
interpolation in P-T space to the shock pressures achieve
the conductivity experiments. The electrical conductiviti
measured at various shock pressures, densities, and tem
tures are listed in Table I. Electrical conductivities of met
ane and benzene are plotted versus shock pressure in F
and 2, respectively. Only one polybutene conductivity e
periment was performed because its conductivity is so low
this shock pressure range.

III. DISCUSSION

A. Methane

The Hugoniot equation of state of methane does
yield any information as to whether shock compressed m
ane has decomposed or not. That is, essentially the s
pressure-density Hugoniot curve is calculated assuming
ther that methane retains its molecular nature or decomp
into diamondlike C and H2. However, the electrical conduc
tivity might be able to discriminate between the two mode
In order to test this idea we compare the measured meth
conductivities with the conductivities calculated assum
decomposition into diamondlike C and H2. If the comparison
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Electrical conductivity of methane versus shock pressure. Cro
are data points; dashed line is calculated assuming electrical conducti
only through fluid H2 formed on decomposition of methane into H2 and
diamond-like C nanoparticles.

FIG. 2. Measured electrical conductivities of benzene versus shock p
sure. Conductivity saturates at;40 ~ohm-cm!21. 40 GPa occurs at a critica
density at which connectivity of C nanoparticles becomes sufficiently la
that further increase in density has weak affect on the effective cr
sectional area for electrical conduction.
Downloaded 31 Oct 2005 to 128.103.60.225. Redistribution subject to AI
is good, this suggests that methane decomposed; if the c
parison is poor, this suggests methane remains molecula

To examine the likelihood methane decomposes into d
mondlike C and H2, we calculated the conductivity assumin
that a given volume of shock-compressed methane is c
posed only of diamondlike C and H2 (CH4→C12H2) and
that electrical conduction is dominated by conducti
through H2. That is, we assume that since the C concen
tion in decomposed methane is relatively low and close
the percolation limit, its conductivity is sufficiently low tha
any conduction through C filaments can be neglected.
cause C nanoparticles are expected to be;5 nm in size,30

these small C particles are expected to thermally equilib
with fluid H2 in a time much smaller than the time resolutio
of the diagnostics~;1 ns!.

To determine the partial molar volumes of H2 and C in
the event of decomposition, numerical databases for
equations of state of C and of hydrogen were interrogate
find the densities of each at which their pressures and t
peratures are equal to those measured in the experim
~Table I!. When the partial molar volumes of C and H2 were
added for each CH4 experiment, their sums agreed with th
Hugoniot densities in Table I to within 2%. In the event
decomposition, the methane mass densities in Table I im
molar densities of 0.185 and 0.209 mol of H2 /cm3, respec-
tively. These H2 molar densities were used to calculate ele
trical conductivities.

Conductivity was calculated with a thermally activate
semiconducting model:

s5s0~D !exp@2Eg~D !/2kBT#, ~1!

where s is electrical conductivity,s0(D) is a density-
dependent prefactor,Eg(D) is the density-dependent mobi
ity gap,D is molar density of H2 ,kB is Boltzmann’s constant
andT is temperature. The mobility gaps and prefactors w
calculated with density-dependent scaling relationships
H2 derived previously:Eg(D)520.3– 64.7D and s0(D)
53.43108 exp@244D#.22 The calculated electrical conduc
tivities are 331022 (ohm-cm)21 and 13100 (ohm-cm)21

for experiments CH4-C3 and CH4-C4, respectively. The
two points define the dashed straight line in Fig. 1. At
GPa the discrepancy in conductivity between the data p
and this simple model is two orders of magnitude, whi
suggests that little, if any, H2 is present and that most of
methane has not decomposed. At 36 GPa the discrepan
conductivity between the data point and this simple mode
only a factor of 3, which suggests that much of the metha
has decomposed into a substantial concentration of mol
lar hydrogen with C and alkanes. Thus, comparison betw
the experimental data and the simple model in Fig. 1 s
gests that at pressures below;30 GPa methane retains it
molecular nature. As density and temperature increase
Hugoniot pressure, dissociation of methane increases
tinuously to form an H2-rich fluid. This interpretation is con-
sistent with tight-binding molecular dynamics calculations
shock-compressed methane which indicate that for press
below 33 GPa, CH4 does not decompose and that at pre
sures of 43 GPa and higher this fluid decomposes into
polymers and H2.
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B. Benzene

Benzene decomposes at;13 GPa shock pressure.10–14

The benzene conductivities in Fig. 2 have a thermally a
vated regime in which the conductivity changes four ord
of magnitude from 20 to 40 GPa, followed by a plateau
;40 ~ohm-cm!21 at pressures up to 60 GPa. Since on
molar basis the concentrations of C and H2 are ~2:1!, con-
duction is expected to be dominated by C. That is, the c
ductivity and concentration of H2 are sufficiently low that its
conductivity is negligible. At the pressures, temperatu
~Table I!, and relatively short time durations~100 ns! in these
experiments, C is probably in the form of soli
diamondlike,31 defected, nanoparticles. Carbon particles
this type have been observed in real-time optical scatte
experiments on shock-compressed benzene14 and in the re-
covered detonation products of C-bearing reac
explosives.30,32 The effective activation energy ofEg

;11 eV in the pressure range 20–40 GPa was calcul
using Eq.~1! and the temperatures in Table I. That is, da
at 20 and 40 GPa were assumed to obeys5s0

3exp@2Eg /2kT# and s0 and Eg were calculated. To esti
mate Eg its relatively weak density dependence was n
glected. This 11 eV activation energy is unlikely to be
energy gap for bulk conduction because a gap this large
not be caused by the C itself. The energy gap of well-orde
crystalline diamond is;5 eV and would be even less wit
defects and disorder. Hydrogen can be ruled out as the c
of the exponential rise in Fig. 2 because at the H2 density of
0.22 mol/cm3 in these experiments, the H2 activation energy
is 6 eV, rather than the observed 11 eV. Hydrocarbons
essentially decomposed at these conditions.15

Thermal activation of conductivity at 20–40 GPa
probably caused by thermal activation of connectivity of d
mondlike defected C nanoparticles, which themselves ha
relatively small electrical conductivity, compared to a met
which is weakly dependent on density and temperature.
size and proximity of the C nanoparticles depend on den
and temperature because of their nucleation and gro
Their connectivity increases with increasing number den
and size, which in turn increases electrical conductivity
the effective cross-sectional area for bulk conduction. Th
the plateau in Fig. 2 is probably caused by diamondlike
nanoparticles reaching a critical density and connectiv
such that further increase in density does not have a sig
cant affect on the cross-sectional area of conduction. Den
is continuous through this transition; there is no volum
change evident on the Hugoniot at 40 GPa.15

The benzene electrical conductivity above 40 GPa is
~ohm-cm!21. The electrical conductivity of pure graphit
shock compressed into the diamondlike phase is
~ohm-cm!21.20 Thus, the magnitude of benzene conductiv
on the plateau is what is expected for shock-synthesized
mondlike C.

At 40 GPa the density of shock-compressed C6H6 is 2.20
g/cm3. Assuming decomposition into C and H2, this implies
a C diamond density corresponding to a partial molar volu
of about 60%; the rest of the volume is occupied by2
which is effectively insulating. At lower shock pressur
these C particles would have even lower densities. Thus,
Downloaded 31 Oct 2005 to 128.103.60.225. Redistribution subject to AI
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region of shock pressures from 20 to 40 GPa is one in wh
connectivity between nanoparticles is expected to incre
rapidly with an associated rapid increase in electrical c
ductivity. This result is similar in concept to the results
quantum molecular dynamics calculations16 for shock com-
pressed benzene, which indicate that long C polymers
formed at these shock pressures which must connect in
to conduct. Those quantum calculations, however, yiel
much softer equation of state than the experiments. For
ample, at 2.15 g/cc and 2900 K the data in Table I indicat
pressure of;35 GPa, in contrast to 23 GPa for the calcu
tion. The higher pressures in the experiments are sugge
of stiffer materials, such as diamond.

At higher pressures, temperatures, and densities bey
the range in Fig. 2, conductivity is expected to vary wea
because it is caused by disordered diamondlike nano
ticles. However, if solid C nanoparticles should melt into t
fluid phase at 100 GPa pressures, then metallic C conduc
ties are expected with values of;1000 ~ohm-cm!21, as ob-
served for graphite along its melting curve at 5–10 GPa33

That is, liquid C is a good nearly-free-electron metal@25 000
~ohm-cm!21# near atmospheric pressure, 4500 K, and
g/cm3.34,35 As pressure increases from atmospheric in t
temperature regime, quantum molecular dynamics calc
tions indicate that liquid C remains metallic but the liquid
composed of twofold, threefold, and fourfold coordinated
atoms.36 The density of C conduction electrons decreases
formation of these localized valencelike states but suffici
conduction electrons remain to keep the system metallic
such a liquid metal, conductivity is expected to have a va
of order that at the loffe–Regal37 strong-scattering limit,
;1000 ~ohm-cm!21, which is still large compared to a con
ductivity of ;40 ~ohm-cm!21. Thus, electrical conductivity
is a possible diagnostic to determine the melting curve
nanodiamond particles at 100 GPa pressures by an incr
in conductivity of approximately an order of magnitude
going from solid diamondlike nanoparticles to liquid
shock-compressed C-rich hydrocarbons and in graphite
graphite aerogels.

C. Polybutene

The measured electrical conductivity of polybutene
,1025 (ohm-cm)21 at a shock pressure of 45 GPa. Sin
the mobility gap is typically;10 eV for hydrocarbons and
hydrogen, at 2300 K~Table I!, the calculated conductivity is
;1027 (ohm-cm)21 whatever the material is, in agreeme
with the measured upper bound. This value for the fluid
smaller than expected for solid polyethylene (CH2) based on
extrapolation of conductivity data38 to a shock pressure of 4
GPa. Similarly, polyethylene is essentially an electrical in
lator at 100 GPa pressures under compression by a reve
ating shock.39 While the mechanism causing this low co
ductivity in hydrocarbons with equimolar concentrations
C and H2 is not known, it might be due to the fact that th
electronic bandgap of species present is large compare
the temperature.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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