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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 G@&0 kbaj 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 nanopatrticles and fl@ddH

their relative abundances (GH 1:2 for methane and 2:1 for benzene. The measured conductivities
suggest that conduction flows predominately through the majority speciés; fethane 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 K 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 polyb{itelnés 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 Physic§DOI: 10.1063/1.1379537

I. INTRODUCTION latter molecular dynamics simulations indicate that the dis-

) sociation products at pressure belowi00 GPa and tem-
The nature of hydrocarbons at high pressures and tense atyres of-4000 K are a mixture of hydrocarbons, which

peratures is a question of ongoing scientific interest. Methangeparate into hydrogen and carbon only above 300 GPa.

is a major constituent of the *ice” layers in Uranus and yjohane decomposes at high static pressures and tempera-

Neptune, where pressures range between 20 and 600 G?Lﬂes in a diamond-anvil celljn qualitative agreement with
and temperatures range between 2000 to 8066 Khe elec- Ree’s predictiodt

trical conductivity O.f mgthane ‘f.ﬂ these conditions is impor- Benzene, in contrast to methane, decomposes at 13 GPa
tant for understanding its contribution to planetary magnetic

. ; . . n its Hugoniot:®~**At much higher shock pressures chemi-
fields, which are caused by convective dynamo action o S .

! . : cal equilibrium calculations of decomposed benzene suggest
electrically conducting fluids.

At sufficiently high pressures and temperatures, hydro:[hat the dominant reaction products are diamond apd H

carbons, including methane, are thought to decompose int‘é"th the possible inclusion of small concentrations of high

H, and diamond.However, at lower pressures and tempera-mOIe_CUIar_ we;ght spec;esh sukch as alkaﬁecljsitk:)lecular dy- .
tures near the onset of decomposition a more complex mix_amics simu atlon_s OF shock-compressed benzene are in
ture of H, C, and various hydrocarbons probably forms.gOOd agreement with the onset of decomposition observed at
Single-shock compressiofHugonioy experiments achieve 13 GPa_ and with the Hugoniot measured at higher

6
high pressures and temperatures which induce decompo§—ressureé' o _
tion but have relatively short lifetime6~100 n3. Such a Because at sufficiently high pressures and temperatures

lifetime is long enough for nucleation and growth of dia- hydrocarbons are thought to decompose simply into dia-
mondlike nanoparticles, C polymers, molecular hydrogenmondlike C and H* we have measured electrical conduc-
and/or nanoclusters of heavy hydrocarbons, such as highdivities of three hydrocarbons with varying relative concen-
order alkanes. The exact pressures and temperatures requité@fions of C and K to see if, in fact, the data could be
for decomposition are unknown. understood simply in terms of the conductivities of diamond-
On the methane Hugonfshock conditions required for like C and H. High pressures and temperatures were
decomposition have been suggested to range from 20 GRghieved by single-shock compression. This approach has
and 2000 K based on chemical equilibrium calculatibnp, been made possible by conductivity measurements on fluid
to 33 GPa based on tight-binding molecular dynamics with &, shocked to pressures of 10 to 180 &P&and on graph-
54-molecule simulation cefland up to~100 GPa based on ite shocked into the diamond phaeScaling relationships
guantum molecular dynamics with a 16-molecule simulatiorhave been developed to estimate electrical conductivities of
cell® Both of the latter simulations were run forl ps. The fluid hydrogen over this extensive range of pressures, densi-
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Downloaded 31 Oct 2005 to 128.103.60.225. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1016 J. Chem. Phys., Vol. 115, No. 2, 8 July 2001 Nellis, Hamilton, and Mitchell

TABLE |. Electrical conductivitieso of singly shocked-compressed benz€@BZ), methane(CH4), and
polybutengPBC). u, is impactor velocityP is pressurep is density, and is temperature. Initial densities were

0.874, 0.428, and 0.89 g/Cnrespectively. Initial temperatures were 298 K for benzene and polybutene and 110
and 106 K for CH4-C3 and CH4-C4, respectively. Impactors struck Al baseplates in all cases. Shock tempera-
tures were obtained by interpolation or extrapolation of the data in Ref. 15 for benzene and polybutene and in
Ref. 29 for methane. Pressures, densities, and temperatures have absolute uncertainties of 3%, 5%, and 10%,

respectively.
U P p T p
Shot Impactor (km/s) (GP3? (g/cnt) (K) (ohm-cm™?
CBZ-7 Al 4.798 21.4 1.97 2200 (2430.2)x 1073
CBz-14 Al 5.505 26.8 2.06 2600 (54)x 1072
CBZ-6 Al 6.112 31.7 2.12 2900 240.4
CBz-4 Al 6.801 37.8 2.18 3300 5030
CBz-10 Al 7.073 40.4 2.21 3400 306
CBz-11 Al 7.083 40.5 2.21 3400 26
CBz-15 Ta 5.405 50.1 2.29 3900 460
CBZz-16 Ta 6.119 61.4 2.35 4300 3B
CH4-C3 Al 7.510 26.3 1.10 3200 (2£0.5)x 1074
CH4-C4 Ta 6.151 36.5 1.21 3900 8.2
PBC-2 Ta 7.4 45 1.8 2300 <1073

3 GPa=10 kbar.

ties, and temperaturés?? Since diamondlike nanoparticles resistivity prior to the shock experiment. The electrical cir-
are shock synthesized ir100 ns, they are expected to be cuits were described previougk:?® Conductivity voltage
heavily defected. The conductivity of shock-synthesized diahistories were measured with2 ns time resolution. Typical
mondlike particles is assumed to be roughly constant wittexperimental lifetimes were a few 100 ns. The cryogenic
pressure and temperature. cooling system for the liquid methane experiments was de-

Three hydrocarbons were chosen which span a range stribed previously:?® Liquid methane samples were con-
C content. Methane (CHl, polybutene (n-GHg), and ben- densed from high-purity gas. Mass spectrographic analysis
zene (GHg) have ratios of C to H(C:H,) of 1:2, 1:1, and  of the reagent-grade benzene showed that the major impurity
2:1, respectively. The measured conductivities suggest thatas N with a concentration 6£0.08 mol%. The polybutene
conduction flows predominately through the majority spe-was supplied by Chevron Oil Company and was also used to
cies, H for methane and C for benzene. The conductivitiesmeasure the Hugoniot equation of state of polybuténe.
also suggest that methane undergoes a continuous transiti®mock temperatures of methafie, benzend® and
from a fluid at 26 GPa, which is mostly methane, to one at 3polybutené® were measured previously. Temperatures
GPa which contains a substantial amount of At the pres- achieved in the conductivity experiments were obtained by
sures in these experiments benzene is completely decormterpolation in P-T space to the shock pressures achieved in
posed and conduction is probably dominated by conductiothe conductivity experiments. The electrical conductivities
through C nanoparticles, although C polyntérand other measured at various shock pressures, densities, and tempera-
species might be responsible. Polybutene is a very poor eletdres are listed in Table I. Electrical conductivities of meth-
trical conductor at a shock pressure of 45 GPa and thane and benzene are plotted versus shock pressure in Figs. 1
mechanism of its conduction is not known. and 2, respectively. Only one polybutene conductivity ex-

periment was performed because its conductivity is so low in

Il EXPERIMENT this shock pressure range.

High pressures and temperatures were achieved by
single shock compression obtained by impact of a metajj|. DISCUSSION
plate onto a target specimen. The metal impactor plate Wai Methane
accelerated to several km/s with a two-stage light-gas gun.”
Shock pressures, densities, and internal energies achieved in The Hugoniot equation of state of methane does not
the fluid samples were calculated using the shock impedanageld any information as to whether shock compressed meth-
matching technique, the measured impactor vel6tiand ane has decomposed or not. That is, essentially the same
the Hugoniot equations of state of the metal impattax| pressure-density Hugoniot curve is calculated assuming ei-
base platé*?°and fluid samples® Electrical conductivities ther that methane retains its molecular nature or decomposes
were determined by measuring the resistaR@d the shock- into diamondlike C and K However, the electrical conduc-
compressed sample and calculating the resistjifinverse  tivity might be able to discriminate between the two models.
of conductivity o) from the measured geometrical cell con- In order to test this idea we compare the measured methane
stantC. The cell constan€=R/p was determined by mea- conductivities with the conductivities calculated assuming
suring the resistance of the cell containing a liquid of knowndecomposition into diamondlike C and.Hf the comparison
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FIG. 1. Electrical conductivity of methane versus shock pressure. Crosses
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is good, this suggests that methane decomposed; if the com-
parison is poor, this suggests methane remains molecular.

To examine the likelihood methane decomposes into dia-
mondlike C and H, we calculated the conductivity assuming
that a given volume of shock-compressed methane is com-
posed only of diamondlike C and,HCH,— C+2H,) and
that electrical conduction is dominated by conduction
through H. That is, we assume that since the C concentra-
tion in decomposed methane is relatively low and close to
the percolation limit, its conductivity is sufficiently low that
any conduction through C filaments can be neglected. Be-
cause C nanoparticles are expected to~nm in size®®
these small C particles are expected to thermally equilibrate
with fluid H, in a time much smaller than the time resolution
of the diagnosticg~1 ns.

To determine the partial molar volumes of Bnd C in
the event of decomposition, numerical databases for the
equations of state of C and of hydrogen were interrogated to
find the densities of each at which their pressures and tem-
peratures are equal to those measured in the experiments
(Table ). When the partial molar volumes of C and tiere
added for each CHexperiment, their sums agreed with the
Hugoniot densities in Table | to within 2%. In the event of
decomposition, the methane mass densities in Table | imply
molar densities of 0.185 and 0.209 mol of #m®, respec-
tively. These H molar densities were used to calculate elec-
trical conductivities.
Conductivity was calculated with a thermally activated

are data points; dashed line is calculated assuming electrical conduction §emiconducting model:

only through fluid H formed on decomposition of methane intg End

diamond-like C nanopatrticles.

103
Benzene
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o =
1 )
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o=oo(D)exd —E4(D)/2kgT], 1)

where o is electrical conductivity,oq(D) is a density-
dependent prefactoE4(D) is the density-dependent mobil-
ity gap,D is molar density of H,kg is Boltzmann’s constant,
andT is temperature. The mobility gaps and prefactors were
calculated with density-dependent scaling relationships for
H, derived previously:Ey(D)=20.3-64.D and oy(D)
=3.4x 10° exd —44D].?? The calculated electrical conduc-
tivities are 3<10°2 (ohm-cm) ! and 1x10° (ohm-cm) !

for experiments CH4-C3 and CH4-C4, respectively. These
two points define the dashed straight line in Fig. 1. At 26
GPa the discrepancy in conductivity between the data point
and this simple model is two orders of magnitude, which
suggests that little, if any, H2 is present and that most of the
methane has not decomposed. At 36 GPa the discrepancy in
conductivity between the data point and this simple model is
only a factor of 3, which suggests that much of the methane
has decomposed into a substantial concentration of molecu-
lar hydrogen with C and alkanes. Thus, comparison between
the experimental data and the simple model in Fig. 1 sug-
gests that at pressures belowd0 GPa methane retains its
molecular nature. As density and temperature increase with
Hugoniot pressure, dissociation of methane increases con-
tinuously to form an Hrich fluid. This interpretation is con-
sistent with tight-binding molecular dynamics calculations of

FIG. 2. Measured electrical conductivities of benzene versus shock presshock-compressed methane which indicate that for pressures

sure. Conductivity saturates a#40 (ohm-cm ™. 40 GPa occurs at a critical
density at which connectivity of C nanoparticles becomes sufficiently large

below 33 GPa, Ckldoes not decompose and that at pres-

that further increase in density has weak affect on the effective crossSures of 43 GPa and higher this fluid decomposes into C

sectional area for electrical conduction.

polymers and K’
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B. Benzene region of shock pressures from 20 to 40 GPa is one in which
connectivity between nanoparticles is expected to increase

Benzene decomposes atl3 GPa shock pressuté: . . . o . .
The benzene conductivities in Fig. 2 have a thermally acti-rap'dly with an associated rapid increase in electrical con-
ductivity. This result is similar in concept to the results of

vated regime in which the conductivity changes four orders

of magnitude from 20 to 40 GPa, followed by a plateau Ofquantum molecular dynamics calculatiGhfor shock com-
~40 (ohm-cm ! at pressures UF; to 60 GPa. Since on apressed benzene, which indicate that long C polymers are

molar basis the concentrations of C angd &te (2:1), con- formed at these shock pressures which must connect in bulk

duction is expected to be dominated by C. That is, the con© conduct. Those quantum calculations, however, yield a
ductivity and concentration of jhare sufficiently low that its much softer equation of state than the e_xpenment_s. l_:or ex-
conductivity is negligible. At the pressures, temperaturesample’ at 2.15 glec aqd 2900 K the data in Table | indicate a
(Table ), and relatively short time duratiori$00 ng in these pressure 0535 GPa, in cor)trast to 23 GPa for the calcula_—
experiments, C is probably in the form of solid, t|on._The hlghgr pressures m_the experiments are suggestive
diamondlike®! defected, nanoparticles. Carbon particles ofOf stn‘fer. materials, such as diamond. .

this type have been observed in real-time optical scatterin%1e At higher pressures, temperatures, and densities beyond

experiments on shock-compressed benZeagrd in the re- range.tln. Fig. 2, cgnglucctil'wtydls egpzpted todl\(sry weakly

covered detonation products of C-bearing reactet{?elcauze s cz?\fusel_ d Cy ISor etr_el 'imolg : E’;t na:n(iﬁar-

explosives®® The effective activation energy of, icles. However, if soli nanoparticles should melt into the
f(l)md phase at 100 GPa pressures, then metallic C conductivi-

~11eV in the pressure range 20—40 GPa was calculate

. -1
using Eq.(1) and the temperatures in Table |. That is, datatIes are expected with values 6f1000 (ohm-cm™", as ob-

at 20 and 40 GPa were assumed to obey-og served for graphite along its melting curve at 5-10 &Pa.
X ex{ —E4/2kT] and o, and E; were calculated. To esti- That is, Iiglljid Cisagood negrly-free—electron mé¢z8 000
mate E, its relatively weak density dependence was ne-ohm-cm ] near atmospheric pressure, 4500 K, and 1.9

34,35 ; - ;
glected. This 11 eV activation energy is unlikely to be ang/cr‘rﬁ As pressure increases from atmospheric in this

energy gap for bulk conduction because a gap this large Catt.gmperature regime, quantum molecular dynamics calcula-

not be caused by the C itself. The energy gap of well-ordered/ons indicate that liquid C remains metallic but the liquid is
crystalline diamond is-5 eV and would be even less with composed of twofold, threefold, and fourfold coordinated C

defects and disorder. Hydrogen can be ruled out as the cau? oms™ The density of C conduction electrons decreases by
of the exponential rise in Fig. 2 because at thedensity of ormation of these localized valencelike states but sufficient
0.22 molicni in these experiments, the,Hctivation energy conduction electrons remain to keep the system metallic. In

is 6 eV, rather than the observed 11 eV. Hydrocarbons arguch a liquid metal, conductivity is expected to have a value
essentiéllly decomposed at these conditins of order that at the loffe—Reg#l strong-scattering limit,

~ - 71 i i 1 -
Thermal activation of conductivity at 20-40 GPa is 1000 (ohm-cm™*, which is still large compared to a con

« . . _ _1 . . .
probably caused by thermal activation of connectivity of dia-.ducwIty of ~40 (ohm-cm . Thus, electrical conductivity

mondlike defected C nanoparticles, which themselves have 5@ z(_)ss'blz dlagé_ncl)stlc ttolodoetg::mme the mel'gng curve of
relatively small electrical conductivity, compared to a metal,_nano lamond particies at a pressures by an increase
conductivity of approximately an order of magnitude in

which is weakly dependent on density and temperature. The! ) . . . T

size and proximity of the C nanoparticles depend on densit)go'ng from solid d|am0ndllke nanopart|cles_ o I|qU|_d n

and temperature because of their nucleation and growtf?.hOCk.' compressed C-rich hydrocarbons and in graphite and

Their connectivity increases with increasing number densit)fz’raph'te aerogels.

and size, which in turn increases electrical conductivity via

the effective cross-sectional area for bulk conduction. Thus,

the plateau in Fig. 2 is probably caused by diamondlike C

nanoparticles reaching a critical density and connectivity,C Polvbutene

such that further increase in density does not have a signifi=" y

cant affect on the cross-sectional area of conduction. Density The measured electrical conductivity of polybutene is

is continuous through this transition; there is no volume<10 °(ohm-cm) ! at a shock pressure of 45 GPa. Since

change evident on the Hugoniot at 40 GPa. the mobility gap is typically~10 eV for hydrocarbons and
The benzene electrical conductivity above 40 GPa is 4(hydrogen, at 2300 KTable |), the calculated conductivity is

(ohm-cm L. The electrical conductivity of pure graphite ~10"’(ohm-cm) ! whatever the material is, in agreement

shock compressed into the diamondlike phase is 13vith the measured upper bound. This value for the fluid is

(ohm-cm)~1.2° Thus, the magnitude of benzene conductivity smaller than expected for solid polyethylene ({LHased on

on the plateau is what is expected for shock-synthesized diaxtrapolation of conductivity datato a shock pressure of 45

mondlike C. GPa. Similarly, polyethylene is essentially an electrical insu-
At 40 GPa the density of shock-compresse#ifis 2.20  lator at 100 GPa pressures under compression by a reverber-

g/cn?. Assuming decomposition into C and,Hhis implies  ating shock® While the mechanism causing this low con-

a C diamond density corresponding to a partial molar volumeluctivity in hydrocarbons with equimolar concentrations of

of about 60%; the rest of the volume is occupied by H C and H is not known, it might be due to the fact that the

which is effectively insulating. At lower shock pressureselectronic bandgap of species present is large compared to

these C particles would have even lower densities. Thus, thihe temperature.
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