A Novel Topological Compression Mechanism in a

Covalent Liquid
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Monte Carlo simulations of tetrahedrally bonded SiO, liquid show that pressure
induces large changes in the topology of its four-coordinated framework structure but
leaves the average properties of local coordination environments virtually unchanged.
Ring statistics are used to describe the liquid’s topology; the observed changes
paradoxically indicate that the liquid compresses primarily by increasing the size of its
rings. A theory for the effects of ring formation on density, which also explains the
density of crystalline tectosilicates, accounts for the compression of the liquid.

LTHOUGH IT HAS BEEN KNOWN
Afor a long time that condensed mat-

ter is compressible (1), the notion
that pressure can induce fundamental rear-
rangement of its atomic structure is relative-
ly recent: the first correct identification of a
high-pressure structure (the B2 phase of the
Rb-halides) came from the work of Bridg-
man (2). Most of our current ideas about
compression mechanisms in condensed mat-
ter found expression in these early experi-
ments. Thus, in simple monatomic materials
as well as more complex structures such as
the crystalline silica polymorphs (3, 4), com-
pression can be described by a shrinking of
nearest neighbor interatomic distances (de-
scribed in Bridgman’s work as a compres-
sion of the atoms themselves). Further in-
creases in pressure nearly always induce
phase transitions (the rare gases are excep-
tions to this rule) that involve rearrange-
ment to a more efficient packing of the
atoms, usually facilitated, as with Rb- and
other alkali-halides, by an increase in nearest
neighbor coordination. In this report, we
describe a different type of compression
mechanism that we have observed in Monte
Carlo simulations of a covalently bonded
liquid (SiO,). The mechanism involves nei-
ther decreases in nearest neighbor distances
nor changes in coordination number, but
rather relies on changes in the bonding
topology of the liquid’s structural frame-
work. These compression mechanisms are
relevant to the highly polymerized struc-
tures common to natural silicate magmas,
whose formation and transport play a cen-
tral role in the thermal and chemical evolu-
tion of our planet (4).

The unusual nature of the compression of
SiO; liquid is a result of its strong covalent
bonding. Unlike ionic, metallic, and Van
der Wall’s bonded structures, which are
determined mostly by the packing efficiency
of nearly spherical atoms, the directional
properties of the covalent bond result in a
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much greater variety of structures, all of
which tend to be relatively open. Thus, the
packing fraction of the diamond structure,
assumed by covalently bonded Si, Ge, and
C, is only 46% of cubic close packing (5).
Framework or tectosilicates, of which SiO,
liquid is an example, assume still more open
structures. We can think of these structures,
which are based on continuous three-dimen-
sional networks of corner-sharing SiO4 and
AlQ, tetrahedra, as being derived from a
network of tetrahedrally coordinated (T)
atoms (Si and Al) each linked to four others
through a shared O atom. (Thus, for exam-
ple, the cristobalite structure, assumed by
Si0; at high temperature, is a derivative of
the diamond structure.) Although the T-T
coordination number of these frameworks
(four) is invariant, and nearest neighbor T-T
distances are nearly so, the some 80 topo-
logically distinct framework types vary in
packing fraction (0.22 to 0.45) and frame-
work density (number density of T-atoms)
by a factor of 2 (12.9 to 29.3 nm™?) (6, 7).
By examining variations in ring and cluster
statistics across the spectrum of crystalline
frameworks, we have shown that these ex-
treme variations in density are the result of
variations in bonding topology (6). Liquid
SiO; encounters similar topological changes
with increasing pressure that lie at the heart
of its compression mechanism. The mecha-
nism is very efficient compared with those in
crystals (4), and if similar mechanisms oper-
ate in natural magmas, they may help facili-
tate liquid-crystal density inversions even at
the modest pressures of Earth’s upper man-
tle (10 to 20 GPa or 300 to 500 km depth)
(8).

Liquid silica is expected to retain its tetra-
hedral framework structure to about 20
GPa. At higher pressures a gradual pressure-
induced four- to sixfold Si-O coordination
change probably also contributes to com-
pression (9). In order to focus exclusively on
framework compression, we base our simu-
lations on a covalent potential model spe-
cialized to tetrahedral Si-O bonding (3).
The model is a limiting case that effectively

disallows coordination changes—the strong
tetrahedral Si-O bonds maintain nearly per-
fect tetrahedral coordination in the liquid up
to the highest pressure considered (50 GPa)
(4). But the model is expected to be other-
wise realistic: it reproduces the observed
equation of state, compression mechanisms,
and phase stability of tetrahedral crystalline
phases; and the structure, density, and bulk
modulus of SiO, liquid (3, 4). Thus, our
approach isolates tetrahedral framework
compression mechanisms from the effects of
coordination changes, which may be impor-
tant at very high pressures.

Monte Carlo simulations are ideal for
investigating the rich and complex structural
variations in covalent liquids. Current ex-
perimental methods can yield spherically
averaged liquid structures (x-ray diffraction)
or information about local coordination en-
vironments (nuclear magnetic resonance
and vibrational spectroscopy), but simula-
tions provide complete structural informa-
tion, including medium-range structural
variations (length scales of 5 to 15 A). We
performed simulations in the NPT (constant
particle number, pressure, and temperature)
ensemble with 192 total atoms repeated
with periodic boundary conditions to mini-
mize finite-size effects. We performed simu-
lations at seven different pressures along the
2000 K isotherm, ranging from 0 to 50
GPa. At each pressure, we performed two
separate simulations with different cooling
histories to investigate the reproducibility of
simulated liquid properties (10).

The results show that even though the
maximum pressure causes a nearly twofold
increase in density, the average structure of
local coordination environments remains
nearly invariant. Not only does the liquid
retain its tetrahedral coordination, but local
geometries are also similarly unaffected by
large increases in pressure: the pressure-
induced changes in nearest neighbor Si-O,
0-0, and Si-Si distances are far short of the
amount needed to account for the increase
in density (4). This result is in sharp contrast
to the behavior of crystals whose compres-
sion, as observed experimentally and accu-
rately reproduced by our model, can be
accounted for almost entirely by decreases in
nearest-neighbor Si-Si distances (3, 4).

Although local coordination environ-
ments in the liquid change their average
properties only slightly with pressure, they
are not static. Because the bonding model
specifies that Si atoms bond only to the four
nearest O atoms (and O atoms only to the
two nearest Si atoms), coordination envi-
ronments are in a dynamic steady state in
which Si-O bonds are constantly broken and
reformed: at 2000 K the simulated liquid
encounters approximately one bonding

REPORTS 541



change every 2000 Monte Carlo configura-
tions or several thousand total changes for a
typical simulation of 8 million configura-
tions at each pressure. It is precisely these
changes in bonding topology, and the con-
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Fig. 1. Results of the Monte Carlo simulations of
liquid SiO, at 2000 K showing the average
number of three-membered rings passing through
a tetrahedron in the liquid, f(3), as a function of
framework density. The points represent averages
of the two simulations at each pressure (10). The
error bars indicate the uncertainty, estimated by
the average difference between the two simula-
tions. The line is an empirical fit to guide the eye.
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Fig. 2. The relative pruning efficiency, P*(K)
(Eq. 1), plotted as a function of ring size K. The
inset schematically shows the effect of forming a
three-membered ring (upper right) and a four-
membered ring (lower left) on the topology of the
initially ringless Bethe lattice (tree). A three-
membered ring is formed by linking two of the
first neighbors of the central T-atom (indicated by
the bold solid line). The constraint of four-coordi-
nation then requires that two branches originat-
ing in the second linked neighbor shell be pruned
from the tree, as indicated by the bold dashed line.
Forming a four-membered ring means that two
second linked neighbors coalesce, indicated sche-
matically by the bold line encircling two T-atoms.
The constraint of four-coordination requires that
four branches, originating in the third linked
neighbor shell, be pruned from the tree, as indi-
cated by the bold dashed line [after (6)].
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sequent modification of the liquid’s ring
statistics, that lead to compression.

Rings, closed circuits of connected tetra-
hedra in a tectosilicate structure, provide a
convenient, easily visualized characterization
of different frameworks. Thus, cristobalite,
which contains only six-membered rings, is
casily distinguished from quartz, which also
contains eight-membered rings. We used a
newly developed definition of a fundamental
ring that is free of the ambiguities of earlier
ones (11) and an algorithm described in (6)
to determine the ring statistics of our simu-
lated liquid. These measurements show that
the ring statistics vary widely with pressure
(Table 1).

The most obvious change in ring statistics
with increasing pressure is, seemingly para-
doxically, a decrease in the number of small-
est rings (three members): at 50 GPa, the
number of three-membered rings is less than
half that at zero pressure (Fig. 1). Further-
more, the observation that populations of
larger rings do not behave systematically
suggests that the liquid density is most
strongly affected by the smallest rings. Thus,
although an association of smaller volumes
(higher pressures) with small rings might
have been expected, the liquid appears to
compress mainly by eliminating them.

We have developed a simple theory for
the effects of ring formation on framework
density that explains these observations (6).
We assume that the relative effects of differ-
ent sized rings on density are the same
regardless of framework type, which allows
us to focus on a particularly simple frame-
work, the four-coordinate Bethe lattice (12).
Because of the constraint of four-coordina-
tion, ring formation reduces density by
pruning an exactly calculable number of T-

atoms from the Bethe lattice. The basic
result of the theory, the relative ability of
different sized rings to reduce framework
density, is given by the pruning efficiency,
P*¥(K), which is the number of T-atoms
pruned by a K-membered ring in an infinite
Bethe lattice normalized to the number
pruned by a three-membered ring (13).
Pruning efficiency is an exponentially de-
creasing function of K:

1/31/2(1( - 3)
2/3I/2(K -2

K = odd
K = even

P*(K)={ (1

Thus, the theory predicts that ring forma-
tion always reduces density (by way of the
topological pruning mechanism) and thar
forming small rings is exponentially more
effective at reducing density than forming
larger rings (Fig. 2). This effect accounts for
not only the decrease in the number of
three-membered rings with increasing pres-
sure, but also their apparently greater im-
portance in determining density.

Although only the proportion of three-
membered rings shows a systematic trend
with pressure, we can relate the complete
ring statistics of the liquid to compression
by defining a single characteristic ring size,
K*, a weighted average in which P*(K) is
used to take into account the greater impor-
tance of small rings

K* =% K IK)P*(K)/2 AK)P*(K)  (2)

where f(K) is the number of K-rings. Be-
cause of the exponentially decaying form of
P*(K), large fluctuations in the number of
large rings (apparent in Table 1) are
damped, commensurate with the relatively
weak effect of such fluctuations on density,
and K* increases relatively smoothly with
pressure (Fig. 3). We have observed a simi-

Table 1. Pressure, P; framework density, FD; characteristic ring size, K* (Eq. 2); and the average
number of K-membered fundamental rings passing through a tetrahedron, f{K), in the simulated liquid
at 2000 K for the seven pressures considered. The first entry for each pressure is for simulations cooled
directly from 6000 K, the second for those cooled from 4000 K (10). After an initial equilibration
period, variations in f{K) and K* during a simulation were typically less than 1% and always less than
the differences between the two cooling histories. Rings larger than 12-membered (up to 17-membered
rings were found) are not listed because they have a negligible effect on K* (see text).

P FD P ﬂK) fOl’ K =
(GPa)  (nm™?) 3 4 5 6 7 8 9 10 11 12
0 2165 454 061 069 109 063 055 047 083 113 078 225
0 2009 453 075 081 08 075 097 109 080 111 186 0.86
1 2187 474 056 075 133 111 088 088 056 028 234 1.03
1 2265 504 047 050 156 075 142 138 292 031 080 000
2 2368 518 038 056 133 1.39 088 222 084 122 195 066
2 2347 529 028 063 133 178 219 081 108 152 136 0.1]
5 2740 551 033 063 094 169 142 411 281 000 1.14 0.14
5 2603 538 033 081 08 169 131 150 448 122 164 030
10 2916 579 023 063 070 225 273 273 333 211 045 0.9
10 2922 511 056 038 109 097 230 184 108 131 047 155
20 3348 544 023 088 102 150 184 097 253 1.38 467 066
20 3277 550 023 119 094 141 197 250 323 186 283 236
50 3899 568 019 050 125 127 152 183 180 164 198 225
50 3904 585 033 056 063 169 241 372 233 316 316 120
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Fig. 3. The characteristic ring size, K* (Eq. 2),
calculated from the simulated structures of SiO,
liquid at 2000 K as a function of framework
density. The points represent averages of the two
simulations at each pressure (10). The error bars
indicate the uncertainty, estimated by the average
difference between the simulations. Deviations
from the linear trend in excess of the error bars are
likely because of the simplifying assumptions built
into the theory: the standard deviation from the
best fit line (0.072) is similar to that observed in
the much larger sample of crystalline tectosilicates
(0.054) (6).

lar increase in K* with increasing framework
density in crystalline tectosilicates (6). We
attribute these results to the greater pruning
efficiency of small rings and their conse-
quent tendency to form sparse, low-density
frameworks. Thus, our theory illustrates the
close relation between ring statistics and the
density of framework structures and ratio-
nalizes compression in the liquid.

Our simulations illustrate the remarkable
degree of topological variation possible in a
tetrahedrally bonded liquid. Pressure-in-
duced changes in the liquid’s topology are
systematic and are mimicked by crystalline
framework structures (6)—both show a ten-
dency for characteristic ring size to increase
with increasing density. These results do not
support the intuitive association of small
rings with high density and lead us to
conclude that the liquid compresses primari-
ly by increasing the size of its rings. The
topological compression mechanism, which
is unavailable to crystals, may also facilitate
efficient compression of natural magmas and
liquid-crystal density inversion in Earth’s
upper mantle.
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Tetraplex Formation of a Guanine-Containing

Nonameric DNA Fragment

RENZHE JIN, KENNETH ]. BRESLAUER, ROGER A. JONES,

BARBARA L. GAFFNEY*

A combination of spectroscopic and calorimetric techniques has been used to charac-
terize the structures formed by a family of short, guanine-containing DNA single
strands of the form d[GGTTXTTGG], X = A, C, G, T. In 1 molar NaCl at low
temperatures, these molecules do not behave like single strands, but rather exhibit
properties consistent with tetraplex formation. The standard state enthalpies, entro-
pies, and free energies for formation of each tetraplex have been measured, as have
preliminary nuclear magnetic resonance (NMR) spectra. In 1 molar KCl, the melting
behavior of the structure or structures is more complex than in 1 molar NaCl. This
observation may be related to the recently proposed “sodium-potassium switch.”

FOUR-STRANDED FORM OF DNA

with guanine self-pairing (so-called

G4 DNA) has been proposed by
Sen and Gilbert (1) to play a key role in
meiosis. In this tetraplex model, repetitive,
guanine-rich regions initiate the required
alignment of four chromatids by formation
of parallel, four-stranded structures in which
sets of four guanine bases are arranged in
planar tetrads by means of Hoogsteen hy-
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drogen bonding (Fig. 1). Guanine-rich re-
gions occur both at the ends of chromo-
somes, called telomeres (2), and within
them, at recombination hot spots (3). Gua-
nine tracts also occur in gene regulatory
regions (4). For these reasons, guanine tet-
rads may represent biologically significant
structures that participate in functionally
important mechanisms. Several closely relat-
ed models involving guanine self-pairing
have been proposed recently for the special-
ized structures that occur in telomeres. The
guanine-rich strand at the end of many
chromosomes is 12 to 16 bp longer than the
cytosine-rich strand and may fold back on
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