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The stable phase of carbon under high pressure (up to 500
GPa) is diamond, a wide band gap insulator.1 Hydrogen,

which has beenmetalized,2 does not becomemetallic under static
conditions until P > 350 GPa.3 Could an “alloy” of C and H be
different and metalize at a lower pressure? This is the impetus
behind the work reported in what follows.

’THE BENZENE PHASE DIAGRAM, AND PREVIOUS
STUDIES

Consider an equal carbon�hydrogen ratio, a 1:1 assembly.
Among CH systems, benzene (C6H6), the emblem of organic
chemistry, comes first to mind as a realization. In fact, solid
benzene under pressure has been extensively investigated, from
P. W. Bridgman’s classic pioneering study4 to the present.

There are two main views of the phase diagram of solid
benzene. The first phase diagram of benzene, shown in Figure 1a,
was constructed by Thi�ery and L�eger from Raman and X-ray
studies5 under high pressure. Liquid benzene crystallizes, at room
temperature and about 700 bar, in an orthorhombic phase I (Pbca).
An intermediate phase I0 was suggested from discontinuities in
the cell constants of phase I. Phase II (P43212) was said to exist

between 1.4 and 4 GPa, and phase III is stable between 4 and 11
GPa. The structure of phase III is monoclinic P21/c, with two
molecules per unit cell. Both the I�II and II�III phase transi-
tions are extremely sluggish. Upon increase of pressure, two
more phases were suggested by Thi�ery and L�eger: benzene III0,
stable between 11 and 24 GPa, and benzene IV, stable at even
higher pressure.

When benzene is compressed above 24 GPa at 25 �C, a solid
compound is recovered after the pressure is released. The structure
of that solid is not known. Benzene III0 is supposed to be only a
modification of benzene III, and benzene IV is thought to be
polymer-like. Phases I0, III0, and IV are not well-characterized,
and there is still some debate on whether they are established
phases or not.

Another phase diagram was developed by Ciabini et al.6,7 in
2005 from infrared spectroscopy and X-ray analysis under high
pressure, shown in Figure 1b. Phase I is orthorhombic Pbca.
Phase II, crystallizing in space group P21/c, is the same as phase
III assigned by Thi�ery and L�eger. The P21/c phase is stable up to

Received: March 8, 2011

ABSTRACT: In a theoretical study, benzene is compressed up
to 300 GPa. The transformations found between molecular
phases generally match the experimental findings in the mod-
erate pressure regime (<20 GPa): phase I (Pbca) is found to be
stable up to 4 GPa, while phase II (P43212) is preferred in a
narrow pressure range of 4�7 GPa. Phase III (P21/c) is at
lowest enthalpy at higher pressures. Above 50 GPa, phase V
(P21 at 0 GPa; P21/c at high pressure) comes into play, slightly
more stable than phase III in the range of 50�80GP, but unstable
to rearrangement to a saturated, four-coordinate (at C), one-dimensional polymer. Actually, throughout the entire pressure range,
crystals of graphane possess lower enthalpy thanmolecular benzene structures; a simple thermochemical argument is given for why this
is so. In several of the benzene phases there nevertheless are substantial barriers to rearranging the molecules to a saturated polymer,
especially at low temperatures. Even at room temperature these barriers should allow one to study the effect of pressure on the
metastable molecular phases. Molecular phase III (P21/c) is one such; it remains metastable to higher pressures up to∼200 GPa, at
which point it too rearranges spontaneously to a saturated, tetracoordinateCHpolymer. At 300K the isomerization transition occurs at
a lower pressure. Nevertheless, there may be a narrow region of pressure, between P = 180 and 200 GPa, where one could find a
metallic,molecular benzene state.We explore several lower dimensionalmodels for such ametallic benzene.We also probe the possible
first steps in a localized, nucleated benzene polymerization by studying the dimerization of benzene molecules. Several new (C6H6)2
dimers are predicted.
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pressures of 20�25 GPa, at which point chemical reaction
between benzene units is supposed to take place. In this phase
diagram, one sees only phases I (Pbca) and II (P21/c), and IV as a
possible high-temperature variant of phase II. No indications of
II�III and III�III0 phase transitions were found in the work of
Ciabini et al. The same research group in 2001 presented results
differing from their 2005 measurements; they confirmed then
that the transition between phases II and III (P21/c) is at 4.8 GPa,
and the transition from phase III to III0 is at 11.2 GPa. This study
also presumed a phase V in the high-temperature region. In their
early work, Ciabini et al. used the same notation as Thi�ery and
L�eger.

A reviewer has pointed out to us that the apparent differences
between the two phase diagrams are likely the consequences of
technical improvements that occurred between the two experi-
ments. Synchrotron-based diffraction experiments and FTIR
spectra on both unannealed and annealed samples6 allowed
one to understand the metastability of phase I on pressurizing
the sample at room temperature. These results are consistent
with those previously reported by Piermarini et al.8 and recently
confirmed by single-crystal diffraction studies by Katrusiak,
Podsiadzo, and Budzianowski.9 We thank the reviewer for his
or her guidance here.

To summarize, Thi�ery and L�eger’s phase II5 is not found
in subsequent studies, and their phase III (phase II of Ciabini
et al.6,7) is the only stable one at high pressure.

Theoretically, several high-pressure benzene phases were
predicted by Raiteri et al.10 utilizing a metadynamics method.
Seven phases labeled as I, I0, II, III, III0, IV, and V, in the notation
used by Thi�ery and L�eger, were proposed on the basis of this
crystal structure predictionmethod. Phases I (Pbca), II (P43212),
and III (P21/c) were reproduced by the metadynamics. Phases I0,
III0, IV, and V were predicted to crystallize in Cmca, C2/c, Pbam,
and P21 space groups, respectively. However, no enthalpy profile
as a function of pressure was presented for the phases calculated.

In the present work we study carefully benzene over a range of
pressures up to 300 GPa. We provide a possible explanation for
the complexities observed in benzene at high pressure, and we pay
attention to the electronic properties of benzene phases in the
context of our strategy of alloying enhancing metallization.11�13

Before beginning the story, we need to mention an essential
limitation in what we do, one that limits comparison to experi-
mental reality. We are unable to study effectively amorphous

structures. Clearly, benzene under pressure gives rise to amor-
phous, partially or fully saturated, materials, not that these are
well characterized.14,15 Their formation is clearly nucleated, and a
legitimate question is whether the regular benzene or saturated
structures (for, as we will see, we find such) are relevant to what is
observed. We will return below to the experimental work and the
dilemma of interpretation that is a problem for experiment as
well as theory here.

’THEORETICAL METHODS

The density functional theory (DFT) calculations employed in this
paper are based on the plane wave/pseudopotential approach using the
computer program VASP (Vienna Ab-initio Simulation Package)16,17

employing the PBE exchange and the projected-augmented wave
(PAW)18,19 method. The energy cutoff for the plane-wave basis was
set to 600 eV. The Brillouin zone was sampled by an automatic mesh of
60 points (converted to Monkhorst�Pack meshes on the basis of the
structures’ unit cell). Relaxation of the electronic degrees of freedomwas
stopped when the total (free) energy and the band structure energy
changed between two steps by less than 1� 10�6. A conjugate-gradient
algorithm was used to relax the ions into their instantaneous ground
state. We allowed all structural parameters (atomic position, lattice
constants) to relax; each structure was reoptimized twice to check
reproducibility. All atoms are fully relaxed until the Hellmann�
Feynman forces is less than 0.01 eV/Å. The evolutionary algorithms
USPEX20�22 and XtalOpt23 were employed to find the lowest energy
structures.

We might note also that zero-point energies are not included in these
calculations; they should be very similar in all the benzene structures
considered here, as all of them have the same bonding patterns.

For MD annealing simulation, only the Γ k-point was used, with an
energy cutoff of 600 eV. Since the CH stretching motion has a period of
11�12 fs, a 1 fs time step is utilized.

Dynamical stabilitywas checked by phonon calculations carried out using
the linear-response method in the Quantum-ESPRESSO code. Pseudopo-
tentials for H and C were also generated by a Troullier�Martins norm-
conserving scheme; the structural parameters and electronic structures at
both ambient and high pressures obtained with these were comparable with
the results obtained from standard VASP pseudopotentials.

There are inherent limitations in this approach, voiced well in the
following comment by a reviewer: “[This] model considers one solid
phase only and therefore cannot describe genuine thermodynamic
transitions between phases of equal free energy. There is a wide literature

Figure 1. Phase diagrams of benzene: (a) suggested by Thi�ery and L�eger5 and (b) proposed by Ciabini et al.6,7
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on this topic which goes back to Herzfeld and Goeppert Mayer.24 A
correct prediction of a phase transition requires an accurate calculation of
the free energy in the two phases, though stability criteria are still useful
and true transition pressures are usually not too distant from the calculated
values.”

’RESULTS AND DISCUSSION

Enthalpy of the Benzene Phases as a Function of Pressure.
In the gas phase benzene is a D6h molecule with C�C = 1.40 Å
and C�H = 1.09 Å. The melting point of benzene is 279 K; the
boiling point is 353 K. At normal pressures, one expects a variety
of polymorphs to be of roughly equal energy, a typical situation
for molecular crystals. Indeed, three phases are well-character-
ized experimentally: phases I (Pbca), II (P43212), and III (P21/c).
Our theoretical optimization reproduces the structures of these

phases well as far as C�C and C�H distances go, but less well
for the unit cell parameters. The details are in the Supporting
Information (SI). The calculated C�C and C�H distances
match the experimental ones. The unit cell parameters are within
5% of experiment.
Should we have done better or worse on these? The cell

parameters are determined essentially by dispersion forces and
electrostatic interactions (quadrupole�quadrupole being the
leading term for benzene). The DFT method we use is not good
at gauging dispersion forces, so the moderately poor agreement
with experimental force constants was not unexpected. We are
aware that it is possible to apply corrections to get a better
accounting of the van der Waals forces.25�27 We chose not do so
because our interest was not so much in the ambient pressure
structure as in that at elevated pressure, where such corrections
may not be necessary.

Figure 2. Reoptimized benzene phases at 1 atm. Phases I (Pbca), II (P43212), and III (P21/c) were characterized experimentally by Thi�ery and L�eger.5

Phases I0 (Cmca), III0 (C2/c), IV (Pbam), and V (P21) were theoretically predicted by Raiteri et al.10
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On elevating pressure, the error in the unit cell parameters is
reduced to within 1%, where structural parameters are available
(see SI). The lattice parameters of the higher pressure phases
remain a matter of controversy. Raiteri et al. predicted the
existence of four further phases, phases I0 (Cmca), III0 (C2/c),
IV (Pbam), and V (P21).

10 We reoptimized the seven benzene
phases mentioned, since our methodology differs somewhat
from that of Raiteri et al. Figure 2 shows these optimized benzene
phases at 1 atm. The lattice parameters and simulated powder
diffractions for these phases also at 1 atm are shown in the SI.
In addition, four more hypothetical benzene models were

considered: two known structures of C6F6 and C6F6�C6H6 and
two phases with parallel benzenemolecules. These phases are not
competitive with themost stable phases III and V, as shown in the
enthalpy curves in the SI.
We proceeded to optimize the structures of these seven phases

over a wide range of pressures. Figure 3 shows the enthalpy
curves of the benzene phases as a function of pressure in the
ranges of 0�20 and 0�80 GPa. At 1 atm, the enthalpy differences
among the seven benzene phases are tiny; these structures are
within 0.05 eV per benzene molecule of each other. Nothing
surprising here—there clearly are many ways for anisotropic

dispersion forces to hold benzene molecules together in a molec-
ular crystal. The structures become differentiated in enthalpy as
the pressure increases.
From Figure 3, we can see that, at least theoretically, the

phase If phase II transition should occur at∼4 GPa, phase IIf
phase III at∼7 GPa, and phase IIIf phase V at∼40 GPa. Above
40 GPa, phase V comes into play and proceeds to become the
most stable structure at still higher pressures. Phases I0, III0, and
IV suggested by Raiteri et al. are not competitive with phases I, II,
III, and V by our calculations in the whole pressure range studied.
Experimentally, both the I�II and II�III phase transitions are
extremely sluggish, phase II existing between 1.4 and 4 GPa, and
phase III existing between 4 and 11 GPa. The current computa-
tion agrees reasonably well with the order of phase transitions
found in experimental studies in the low and moderate pressure
regime.
Might the benzene structures we calculate be rotational solids,

as solidH2,
28 solid CH4,

29 and the C60 crystal structure
30 are? Let

us probe this with a numerical experiment. Consider phase III,
which has two benzene molecules in the unit. We rotate one of
the benzene molecules along its C6 axis while another benzene
molecule is frozen. Other rotations encounter large barriers.
Figure 4 shows the energetic consequences of this rotational
motion as a function of pressure.
At 1 atm, this benzene rotation is free as it is in methane.

As expected, the rotational barrier is elevated with increasing

Figure 3. Calculated relative enthalpy curves of benzene phases as a
function of pressure in the ranges of (a) 0�20 and (b) 0�80 GPa. Here
phase I is taken as a reference.

Figure 4. Energy barrier to benzene rotations in phase III structures at
various pressures. The “perfect” structure at the corresponding pressure
is taken as a reference. Above: definition of the rotation studied.



9027 dx.doi.org/10.1021/ja201786y |J. Am. Chem. Soc. 2011, 133, 9023–9035

Journal of the American Chemical Society ARTICLE

pressure. It is not clear what barrier might be considered a cutoff
for labeling a material as a rotational solid. If we choose a barrier
of less than 0.5 eV, then only at pressures below 20 GPa would
the rotational solid description be warranted.
Phase Transformations Rear Their Heads.To provide some

focus for our studies, we concentrate from this point on phases III
and V, whose enthalpy is shown over a still wider enthalpy range
in Figure 5. Note that we have switched from relative enthalpy to
absolute; this makes it easier to spot phase transitions.
Given the computed stability of phase V at pressures >40 GPa,

we examined this phase first. Phase V evolves from P21 at
ambient pressure to P21/c at elevated pressure. Above 80 GPa,
phase V spontaneously undergoes in our calculations a pressure-
induced chemical transformation to a curious polymeric phase
we have labeled “polymer I”. The discontinuity is apparent in
Figure 5. Figure 6 shows two views of polymer I at 100 GPa. One
sees in this structure one-dimensional arrays, with all carbons
tetracoordinate. These CH needles or tubes contain five-, six-,
and eight-membered rings. They could be thought of as one-
dimensional arrays of C6H6 rings bridged to each other by three

σ bonds on one side and three on the other. The C�C distances
are in the range of 1.42�1.57 Å. The closest H 3 3 3H distance
between the CH tubes is 1.56 Å. The calculated band gap of
polymer I at 100 GPa is around 5 eV (see SI), indicating that
polymer I should be transparent. This is not surprising, given the
four-coordinate C structure. The gap remains at higher pressures.
We began to wonder if this transformation could occur at a

lower pressure. First, we extended the pressure “backward” on
polymer I, studying it a pressures lower than 80 GPa. The
tetracoordinate, saturated structure is dynamically stable, as
determined by a phonon analysis, and at all pressures is more
stable than phase V!
We then looked at the dynamic stability of molecular phase V

gauged by phonon calculations, now at lower pressures. At 10, 20,
and 50 GPa, phase V is dynamically unstable. Following the
imaginary frequencies of vibration, one comes again to polymer I.
This four-connected CH structure is the harbinger of what is

to come—“saturated”, four-connected carbon structures must be
considered for benzene under pressure, for they are often more
stable than molecular analogues. No claim of novelty here—
Nicol and Yin entitled a 1984 paper, “Organic Chemistry at High
Pressure: Can Unsaturated Bonds Survive 10 GPa?” 31,32 One
had better also worry about kinetics, set by the barriers between
structures.
We return to phase III, the most stable molecular phase

calculated for benzene in the pressure range of 7�40 GPa, as
Figure 3b shows. This phase remains molecular up to much
higher pressures than any other benzene phase. Phonon disper-
sion calculations show that phase III is dynamically stable up to
190 GPa; for phase III a pressure-induced chemical transforma-
tion, without thermal activation, occurs only above ∼200 GPa.
The phase transformation that does occur in phase III at∼200

GPa is a drastic one. Above this pressure we find polymer II,
whose structure is shown in Figure 7. Polymer II is a stacking of
CH sheets containing four-, six-, and eight-membered carbon
rings bonded with H atoms on both sides. All carbons in this
structure are four-coordinate. The C�C distances are in the
range of 1.36�1.43 Å at 210 GPa; for calibration the C�C
distance in diamond at 210 GPa is 1.412 Å, so the polymer II
distances are normal. The original six-membered rings are
actually discernible in the polymer structure—one way to
describe the two-dimensional network is as the product of a

Figure 6. Two views of polymer I at 100 GPa. On the left is a side view, on the right a top one.

Figure 5. Calculated absolute enthalpy curve of benzene for phases III
and V as a function of pressure (up to 300 GPa).
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(formally forbidden) 2þ2 dimerization of a chain of benzenes,
along with a 1,4-polymerization to give a sheet.
Saturated CH Polymers Are More Stable than Benzene

Phases.At this point we have an interesting mystery before us—
two (so far) polymeric four-coordinate structures, polymers I
and II, are more stable than any benzene structure. To an organic
chemist, used to the archetype of benzene, this is a surprise. It
should not be.
Let us construct a way to think of this problem, sketched in

Scheme 1. In the first step in a Gedankenexperiment, the benzene
is “dearomatized”; in the second step, the resulting cyclohexa-
triene converts to a saturated polymer.
There is a range of values of the energetic value of aromaticity.

Following Shaik and co-workers,33 we use the larger value in the
literature, a so-called “vertical” resonance energy,∼65 kcal/mol,
to create from benzene a cyclohexatriene with all aromaticity
removed. To reach one of the saturated CH polymorphs from
such a “dearomatized” cyclohexatriene involves the further
conversion of three CdC bonds to three σ C�C bonds inside
the benzene hexagon, and three more σ C�C bonds outside, as
sketched in Scheme 1.
The second (π) bond of any double bond is energetically

worth less than a single bond. This is not a number one can
measure directly. One estimate of the preference comes from the
heat of reaction of three ethylenes (C2H4) to cyclohexane
(C6H12), a process in which in fact three π bonds are converted
to three σ bonds (see Scheme 2). That heat is experimentally
�67 kcal/mol.34

Another way to estimate the energy of breaking a π bond is to
look at the energy of rotating the twoCH2 groups in ethylene 90�
out-of-plane (∼65 kcal/mol35), and to compare that to a CC σ
bond strength (∼90 kcal/mol36). That would lead to a slightly
larger estimate of �75 kcal/mol for three bonds.
The sum of the two heats for processes A and B is 65 � 67

(or � 75) =�2 (or �8) kcal/mol C6H6. We will see that this is
not a bad estimate.
Graphanes. The needle-like structures of polymer I and the

sheets of polymer II contain four-, five-, and eight-membered
rings. One can do better in the organic chemistry of saturated
systems (which is what we have before us) so far as angle strain is
concerned.We therefore began at this point to look at graphanes,
CH sheets with all six-membered rings.
Graphane is a fully saturated CH hydrocarbon conceptually

derived from a single graphene sheet. This structure was first
computed in 2003 by Sluiter and Kawazoe,37 and in 2007 by Sofo
et al.,38 and synthesized in an approach to a pure form in 2009 by
Elias et al.39 (see also the earlier work from the Brus group40).
Our work on the system is described in detail elsewhere.41 There
are actually many isomeric single-sheet graphanes (see the
enumeration in refs 18 and 22); the four we have found that
are more stable than benzene are shown in Figure 8.
Two of these sheets may be derived by taking single-layer slices

from the cubic diamond structure, three from hexagonal diamond.
Sheet B also occurs (not for carbon) inmany inorganic compounds,
such as BaIn2,

42 TiNiSi,43 or EuAuSn,44 as a planar motif in a three-
dimensional structure. The all-chair sheet A and boat sheet C have
forerunners in the CF literature;45�47 sheets B and D have also
been suggested for CH by others.48,49 In our own work41 we have
also comeon somenew sheets, but none so stable as the four shown.

Figure 7. Different views of polymer II at 210 GPa: (a) 3D structure of polymer II, (b) side view of a single layer in polymer I, and (c) top view of the
single layer.

Scheme 1. Schematic Formation of a Four-Coordinate C
Polymer from Benzenea

aHydrogens are omitted from this portrayal.

Scheme 2. Reaction of Three Ethylenes to Cyclohexene: A
Model for Three CdC Bonds Converting to Six C�C Bonds
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On packing these layers in three dimensions, one can obtain a
number of polytypes. Figure 9 shows four of these; others may be
found in our detailed study.41 We first found these structures
(except for graphane I) by using an evolutionary algorithm

structure search (USPEX) at one pressure. The structures so
obtained were then taken over a wide pressure range.
Figure 10 shows the static lattice enthalpies of various CH

systems, including benzene phase III, benzene phase V, the two
polymeric structures mentioned earlier, and the graphane-type
phases obtained by us using the evolutionary algorithm search.
The corresponding most stable carbon (graphite below 10 GPa
and cubic diamond above 10 GPa) and H2 phases

50 are taken as
references. The graphite-to-diamond phase transition around 10
GPa causes the apparent kink in the graphane relative enthalpy
curves at that pressure; there is no discontinuity in their intrinsic
enthalpy curves.
For the CH system, the most stable phase we found in the

range 0�10 GPa is the all-chair graphane -AA- stacking or -AB-
stacking, both dynamically stable (see SI). These phases are close
in energy over a wide pressure range. Graphane III becomes the
most stable phase in the range of 10�200 GPa. The calculated
phonon dispersion for both graphanes III and IV shows no
imaginary frequencies at 200 and 300 GPa, indicating that both
are dynamically stable. The reasons for the increasing stabiliza-
tion of graphanes III and IVwith pressure (relative to I and II) are
discussed elsewhere; the differential can be traced to the balance
of inter- and intrasheet H 3 3 3H interactions.41

Graphanes I and II should interconvert easily, for what is
involved is merely the sliding of layers. But the interconversion
between this pair and graphane III or IV should be difficult—
many CC bonds would have to break in the process. These are
geometrical isomers, not conformers.
So why do the benzene phases (III and V) not convert

spontaneously to these four-connected polymers? Because there
are likely significant barriers to polymerization. Organic chem-
istry as a whole is an exercise in kinetic persistence. The isomers
of benzene itself (Figure 11) are but one example of this. So
prismane, benzvalene, and Dewar benzene are respectively no
less than 114, 81, and 80 kcal/mol less stable than benzene.
However, they were made in the 1960s and 1970s;51�53 despite
slow decomposition to benzene, they have a half-life long enough

Figure 8. Four isomeric single-sheet graphanes. Side views are at left,
top views at right.

Figure 9. Graphane I (at 10 GPa), II (at 10 GPa), III (at 200 GPa), and
IV (at 300 GPa) structures.

Figure 10. Enthalpy of various CH systems as a function of pressure.
The reference is the most stable phase of carbon and H2: graphite below
10 GPa and cubic diamond above 10 GPa; for H2, P63/m (<100 GPa),
C2/c (100�250 GPa), and Cmca-12 (>300 GPa). Note that zero-point
energies are not included in these calculations.
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to allow isolation. The reversions of these to benzene are forbidden
reactions.54

To summarize: at every pressure studied, saturated, four-coordi-
nate CH phases, and graphanes in particular, are more stable than
any phase retaining discrete benzene molecules. Furthermore, the
transformation from benzene to saturated hydrocarbon may well
be local or nucleated. The outcome would be an amorphous,
approximately four-coordinated polymer. We will return to the
first stages of nucleated polymerization later in this paper. It
seems to us likely that such polymers, difficult if not impossible to
calculate, are in fact the experimentally observed polymeric
products of the pressurization of benzene.
DFT computations apply to the T = 0 K and static situation.

To analyze the effect of temperature on benzene phase III, we
performed an annealing simulation using the ab initio molecular
dynamics (MD) method.55 For the annealing process, the initial
temperature of the system is increased to 300 K, and a final
temperature of 0 K is requested. The annealing analysis indicates
that the chemical transformation (to a saturated polymer) occurs
in phase III when the pressure is above 150 GPa at elevated
temperature. If the temperature is higher still, the transformation
may occur at a still lower pressure.
Ciabini et al.7 used MD simulations to study several amorphi-

zation events in benzene from configurations equilibrated (phase
III) at 23 GPa and 540 K. All the reactive events are irreversibly
initiated when the nearest-neighbor (nonbonded) C 3 3 3C dis-
tance approaches 2.5�2.6 Å. In our case, the nearest-neighbor
C 3 3 3C distance in phase III at 190 GPa and 0 K is 2.4 Å, which is
similar to the distance at 23 GPa and 540 K obtained by Ciabini
et al. In fact, Ciabini et al. did not observe any reaction in a pressure
range up to 150GPa—only an increase of the atomic kinetic energy
(up to 1500 K at 23GPa) was able to induce the amorphization in a
few hundred femtoseconds. This indicates, as suspected, that
temperature is also an important factor in the phase transitions of
benzene. Note that there is a difference in the structures obtained by
Ciabini et al. and us: our polymer II is an ordered crystal structure
and not amorphous. The length of the simulation and the tempera-
ture may be responsible for the difference.
Does this mean that we should desist and not study the effect

of pressure on benzene? Not at all. As our calculations also show,
the various benzene phases are local minima, dynamically stable
over a wide pressure range. They will face substantial barriers to
transforming into graphanes. Phase III in particular is a benzene
structure that in our calculations is persistent to∼200GPa at 0 K.
Thus, it makes sense to inquire into the properties of the most
persistent benzene phases, such as phase III, focusing on their
eventual metallization.
Approaches toMetalization while Maintaining a Benzene

Structure.As we saw earlier in our calculations, benzene remains
in phase III until∼200 GPa at T = 0 K, despite saturated phases
being more stable. At∼200 GPa it transforms spontaneously to a
polymeric saturated CH phase. As phase III is compressed, the

band gap becomes smaller, and at ∼180 GPa it vanishes, within
the tolerances of the GGA computational approach we use. This
region, 180�200 GPa, in which one has a metallic benzene phase
that has a barrier to rearrangement to a saturated polymer, is of
substantial interest to us. We next describe in some detail the
approach to metallization.
Figure 12 shows the computed relative compressions of

benzene phase III as a function of pressure. The Wigner�Seitz
radius rs is defined by 4πrs

3/3 = 1/F, where F is the average
valence-electron density. Since F = N/V, where N is the number
of valence electrons in the unit cell andV is the volume of the unit
cell, F scales as V�1/3. The volume reduction for all the benzene
phases, not only phase III, is rapid between 0 and 10 GPa and is
attributable to the squeezing out of the van der Waals space
between benzene units. Such behavior has been observed in
many molecular crystals under pressure.56,57

The remarkably useful Goldhammer�Herzfeld criterion for
metallization58 holds that an insulator or semiconductor is likely
to become a metal when the conditions on the density are such
that the bulk polarizability diverges; that is, electrons can be
stripped off the atoms or molecules with a diverging local field
associated with an infinitesimal perturbation. To be specific, the
Goldhammer�Herzfeld criterion says that a material becomes
metallic when the quantity (1 � fRVm)

�1 diverges, where R is
the molecular polarizability, Vm the volume per molecule in the
solid, and f a dimensionless factor determined only by the
packing of the molecules in the crystal. The divergence occurs
when fR/Vm = 1. For cubic systems f = 4π/3, and this gives Vm =
4πR/3. Using the definition of rs, 4πrs3/3 = Vm/Nve (where Nve

is the number of electrons), we then have the following condition
for cubic systems, namely rs = (R/Nve)

1/3. The average polariz-
ability of benzene, R, is 67.55 bohr;3 Nve = 30 in one benzene
molecule. One then gets rs = 1.31 for the metallization of
benzene.
The real benzene structure (phase III is under discussion) is, of

course, not cubic. Still the arguments made above carry over well
—as Figure 13 shows, the band gap goes to zero at P≈ 180 GPa,
where rs = 1.31 and the relative compression is just around 3.0.

Figure 11. Three known isomers of benzene.

Figure 12. Computed relative compression as a function of pressure in
benzene phase III. The relative compression is defined by [rs(0)/rs(p)]

3,
where rs(0) and rs(p) are the Wigner�Seitz radius at ambient pressure
and calculated high pressure, respectively.
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Figure 14 shows the calculated total density of states (TDOS)
and Fermi surface for benzene phase III at 190 GPa, a pressure at
which it is metallic yet, at 0 K, still stable with respect to
rearrangement to a saturated polymer. The underlying band
structure is shown in the SI. Note the TDOS shows a character-
istic free-electron-like shape over a wide energy range. As we

noted earlier, above P = 210 GPa, phase III undergoes a pressure-
induced chemical transformation to polymer II. Once a saturated
molecule is achieved, the band gap opens up again—polymer II
and the graphanes have large band gaps. Based on the band gaps
in phase III (Figure 13), we suggest that, upon increasing
pressure, benzene will turn from transparent to colored to black
and then colorless again as it polymerizes.
Could there exist a “Kekul�e metal” in benzene in the (narrow)

pressure range where it is calculated to be metallic? The spec-
ulative notion here is of a Kekul�e state of the π systems for
each molecule, delocalized yet contained in a six-membered
carbon ring, that might then be phase-linked via the bridging
hydrogens, a Bloch-like state being the consequence. If so, then
this could be a realization of the resonant valence bond state
proposed by P. W. Anderson as a possible basis for high-
temperature superconductivity59 (pairing via Kekul�e states in
a “Kekul�e metal”, one might optimistically say).
Another way to follow the approach to metallicity of a material

is via its dielectric function. The probability of photon absorption
is also directly related to the imaginary part of the optical
dielectric function ε(ω). In the SI we show the computed
dielectric functions of phase III at 0, 190, 200, and 210 GPa.
These calculations indicate—through Drude behavior at low
frequencies—that the structure at 0 GPa (molecular crystal) and
that at 210 GPa (CH saturated polymer) is an insulator, while at
190 and 200 GPa, the dielectric response is characteristic of a
metal, as we already concluded from the band gaps.

Figure 13. Relationship among band gap (in eV), pressure, andWigner�
Seitz radius (rs).

Figure 14. Calculated TDOS and Fermi surface of phase III at 190 GPa.
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Some Model Structures. Some lower-dimensional models
are also useful in getting an understanding of the factors
governing benzene metallization. Consider first π stacking, as
shown in a one-dimensional array in Figure 15 (top). In the
process of compressing, the C�C and C�H distances in
benzene are frozen. Only the distance between benzene mole-
cules is allowed to vary. This one-dimensional array becomes
metallic at R < 2.5 Å, due to overlap of π and π* bands. The
situation is similar to a previously studied stack of ethylenes.60

Metallization can also be attained by σ overlap of C�H
bonding and antibonding orbitals, if the benzenes are so disposed
as to emphasize σ interactions. The one-dimensional array
shown in the bottom of Figure 15 is one way to do this. This
becomes a metal at a center-to-center ring distance of 4.5 Å, at
which point the shortest H 3 3 3H contact L = 1.25 Å.
We also calculated a two-dimensional array shown in Figure 16,

designed to create equalized H 3 3 3H contact, L, in a net. When
this is compressed, it becomes metallic when the closest H---H
contact L = 1.35 Å.
We had an idea that in the region of metallization, there might

be some unusual dynamics, separating the scale of mobility of C
and H atoms. To be specific, we wondered if the carbon rings
might move independently of the hydrogens or, alternatively, if
the hydrogens would move with relative ease if the carbon atom
positions were frozen. This was probed at geometries corre-
sponding to L values above and below themetallization threshold
(see SI). However, these motions proved very costly in energy.
Calculated Bulk and ShearModuli.The stiffness of materials

may be measured in a number of ways. Young’s modulus (E)

describes the material’s response to linear strain (like pulling on
the ends of a wire). The bulk modulus (K) describes the response
to uniform pressure, and the shear modulus (G) describes the
material’s response
The calculated bulk modulus, shear modulus, and Young’s

modulus of phase III at a series of pressures are listed in Table 1.
The Reuss definition is utilized to calculate the bulk modulus and
shear modulus.61 The bulk and Young’s moduli rise with
increasing pressure. At 150 GPa, the bulk modulus of phase III
is 450 GPa, which is lower than the value of diamond at that
pressure (computed as 850 GPa; as a calibration we calculated
the P = 1 atm bulkmodulus of diamond as 450GPa, experimental
value 443 GPa62). At 210 GPa, the computed bulk modulus (745
GPa) of polymer II is also lower than the theoretical value of
diamond at this pressure (1100 GPa). Therefore, it should be
possible to compress benzene in diamond anvil cells.
Primary Local Actions in Benzene under Pressure. Theo-

reticians, attracted by symmetry, would like to see all solid-state
transformations happen in a concerted manner, preserving as
much symmetry as possible at every place in a macroscopic
crystal. In the real world, given unavoidable pressure and
temperature inhomogeneities, if there is a driving force, chemical
and physical transformations are likely to be nucleated, and
hence to occur locally. Given a multitude of such local reaction
nuclei, the result will likely be an amorphous polymer which is
difficult to handle theoretically.
We have seen very clearly that ordered all-saturated, four-

coordinate carbon polymers (graphanes and the related needles
and sheets) are favored thermodynamically over delocalized,
conjugated, three-coordinate polymers (graphite) and molecular
structures (benzene crystals) at all pressures. A simple argument
showed that converting a double bond to two single bonds is
favored. As an approach to the nucleated, local amorphous
polymerization problem, we have looked at the dimerization of
benzene in some detail. We need to mention here the prior work
of Engelke on this subject.63,64

To jump-start the process of dimerization, we brought two
benzene molecules to an uncomfortably close contact and then
let a molecular (zero-dimensional) geometry optimization pro-
gram complete the optimization. The molecules either moved
apart or dimerized. This procedure generated many, but not all,
of the known dimers of benzene, as well as some dimers that were
really unexpected. We followed this brute-force process with a
detailed exploration, including missed known structures and
exploring the complete set of stereochemical possibilities for
(C6H6)2 molecules.
A detailed account of this section of the work will be published

elsewhere,65 as it is of substantive chemical interest—we generated

Figure 15. (Top) Stack of benzenes, a model for π interaction.
(Bottom) One-dimensional benzene array, a model for σ interaction.

Figure 16. Model of 2D benzene.

Table 1. Calculated Bulk Modulus, Shear Modulus, and
Young’s Modulus (All in GPa) for Phase III at a Series of
Pressures

pressure (GPa)

phase III 50 100 150 190 210

bulk modulus 182 375 450 523 745

shear modulus 68 163 146 99 338

Young’s modulus X 232 422 608 629 1052

Y 126 397 283 346 1081

Z 100 335 338 426 652



9033 dx.doi.org/10.1021/ja201786y |J. Am. Chem. Soc. 2011, 133, 9023–9035

Journal of the American Chemical Society ARTICLE

theoretically some dimers of benzene not yet known and, as
we will show, molecules that should be kinetically persistent.
Here, in Figure 17, we show just the set of dimers that emerge
from this investigation, all local minima on the C12H12 surface.
Of these molecules, 1,66 2,67 3,68 11,69 and 1270 are known, as
well as derivatives of 4.71

These molecules lie (calculated) 36 (3)�112 (9) kcal/mol
above two benzene molecules. We will give a full account
elsewhere65 of the calculated barriers to the reversion of these
dimers to two benzenes, as well as other potential escape routes
from their high-energy situation. For the moment, it suffices to
say that, for some of the unknown isomers, activation barriers are
likely to be high, and these structures have a very good chance of
kinetic persistence, even at room temperature. One approach to
simulating irregular polymerization of benzene would be to take
this set of dimers and proceed with adding a third and a fourth
molecule of benzene. That remains to be done.

’CONCLUSION

In this study benzene has been compressed in a sequence of
calculations up to 300 GPa. The computational results show that
the phase If phase II transition occurs at ∼4 GPa, phase IIf
phase III at ∼7 GPa, and phase IIIf phase V at ∼40 GPa. The
agreement with the order of phase transitions found in experimental

studies, especially below 10GPa, is good. Above 50GPa, hints that
molecular structures are unstable with respect to saturated, four-
coordinate at C phases—one-, two-, and three-dimensional—led
us to examine such phases in detail.

We have found that several graphane phases are more stable
than any of the molecular phases over the entire range of pressures
studied, including P= 1 atm. A qualitative argument for that order of
stability is given.

But the molecular phases encounter large—sometimes very
large—barriers to rearrangement to a saturated polymer or
network of the graphane type. In particular, phonon dispersion
calculations show that phase III is dynamically stable up to∼200
GPa and might become metallic before transformation to a
saturated phase. Several simple models for the metallization of
benzene are investigated. We also speculate on the possible
existence of a phase-coherent Kekul�e metal. Finally, in a first
approach to nucleated benzene polymerization, we calculate
the structures of a number of benzene dimers, some known,
some not.
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Figure 17. Structures of some benzene dimers.
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sity of states of polymer I; dynamical analysis for phase III;
distance histogram of phase III at various pressures; C�C, C�H,
intermolecular H---H, and intramolecular H---H distances in
phase III; band structure of phase III at 190 GPa; density of states
of polymer II at 210, 250, and 300GPa; computed total density of
states for phase III at 190 and 200 GPa, comparing DFT and eH
methods; analysis of the lattice stability of phase III at 190 and
200 GPa; effect of rotation on metallization of phase III at 150
GPa; calculated dielectric functions for phase III; phonon
dispersion of graphanes; computed total density of states for
graphanes; band structure of 1D and 2D benzene models; and
three kinds of rotations in 2D benzene models. This material is
available free of charge via the Internet at http://pubs.acs.org.
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