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Molecular tensegrity: predicting
1,3-X- - —X distance in gas-phase MX,
(n £4) compounds from atomic sizes
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This article extends an earlier definition' and use of
molecular tensegrity for obtaining quantitatively the
1,3-non-bonded distances in gas-phase MX, compounds
to nearly 160 gas-phase MX, (n <4) inorganic com-
pounds (including those of transition metal elements),
once a transferable ‘core’ atomic size is specified. The
simple principles behind this methodology (involving
only linear equations), its quantitative character, its
transparency, its portability and its generality account
very simply for molecular geometry in such compounds
without requiring earlier theoretical methodologies.
We also establish clear distinction in the prescription
for obtaining the 1,3-distance when M is an atom of a
metallic or insulating element.

Keywords: Atomic size, gas phase, molecular tense-
grity, non-bonded distance.

THE Fuller notion” of tensegrity structures has structural
elements that are held together by compressive and tensile
elements that balance each other. Such a notion is ex-
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pected to hold for all length scales, as a general principle.
Fuller—Snelson tensegrity structures using (incompressible)
struts and (tensile) cables describe well the qualitative
features of the role of cell and tissue architecture in the
dynamics of complex biological systems’. A ‘molecular
tensegrity’® that determines, say, the mechanical stability
of the structure of isolated gas-phase MX, has recently
been proposed, taking advantage of a free-atom-like ¢ =0
condition™® in which atoms in molecules may be treated
independent of each other. The molecular tensegrity struc-
ture is obtained from simple mechanical relationships be-
tween atomic sizes that contribute to interatomic distances
‘without requiring to know the (quantum) mechanics of
the way the g = O state is reached from a g # O state’.
For an isolated MX,, molecule, the mutual influences of
1,2-bonded (attractive) M—X distance, dj;x, and 1,3-non-
bonded (repulsive) X— — —X distances, dy_x, is expressed
(eq. (3)) as a tensegrity factor (similar to the tolerance factor
in solids”®) that forms the quantitative basis for molecular
tensegrity. 1,2-Interatomic distance, d,&%, has been expres-
sed as> an universal function of ‘core’ (small compared
to interatomic distances) empirical9 atomic sizes, rg as

di = CRY(M)IFy(M) + CRy(X)
= [Core(M) + DR)F(M) + Corg (X) + Dy, (1)

with CRj = C'rg + Dy, and C = 2.24, C;=2.49, Dy= 111 pm
and D§ = —37 pm. The term'® Fg(M) is associated'® with
decrease in atomic sizes or bond lengths due to the presence
of n, ‘unsaturated’ valence electrons. We take'® Fs =1
(n, = 0) for all M except for transition metal MX; (n, = 1)
and MX, compounds (n, = 2). The superscript, &, refers to
charge-transfer states CR§ and CR; in (eq. 1). The size
CRy(X) is close to the ionic radii in solids’ and is differ-
ent from the van der Waals’ radius'’, rypw # CRy(X). The
non-bonded distance, dvy is expected to be

dyy = 2KCR; (X). 2)

Unless otherwise mentioned, we take K = 1 hereafter.
Equations (1) and (2) are required to define an ideal ‘ten-
segrity’ factor®, tﬁo, as

Lo = dizxldyx. A3)
We have expressed an experimental quantity® F (obs) as
Fs (0bs) = dyx (0bs)/dyx = dyx (0bs)/2CRy(X). (4)

A plot of Fs (obs) vs £, (Figure 1) for all gas-phase MX,,
MX; and MX, compounds'>'® (X = atom of insulating
element) two nearly linear relationships of the type

Fs(obs) = A — Bt (5)

are obtained (Figure 1) which we refer to as type I and
type II. From the ratios of the two slopes in Figure 1 we
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find Fs (obs)™/Fs (obs)® ~ 1.12 for the same f;;. In gen-
eral, type I MX, compounds have M = atom of s-block
metal, (met(s) in Figure 1), or transition metal dihalides
(TM(n = 2)), while type Il compounds have M as an atom
of an insulating element (ins), p-block metal (met(p)) or
transition metal MX; or MX, compounds (TM(n > 2)).
The compounds AlH,, MH, (M = Sn and Pb) are better
described as type II compounds (see also Figure 3).

The relationships in Figure 1 may be understood from
Fuller’s original qualitative description® of tensegrity,
which considers ‘continuous, tensional behaviors’ asin a
stretched membrane of a filled balloon. The ‘critical pro-
ximities that show up physically’ are ‘repellings’ which
keep the molecular network constituting the balloon mem-
brane stretched outwardly in all directions. The vital as-
pect now is that the ‘repellings’ have to be balanced by
attractive or tensile elements to obtain a tensegrity stru-
cture. Atoms of finite size in molecules may be treated as
these ‘balloons’. When the hurly burly of the balancing
act (complex quantum chemical mathematics) between
positive (repulsion, kinetic energy) and negative (attrac-
tion) multipart contributions to the energy from different
charged particles in the molecule is done, the positions of
atoms in a molecule become fixed relative to others for a
given environment. A tensegrity model may then be ap-
plied to molecular structure. The geometrically simplify-
ing Fuller feature of the balloon membrane model is the
notion of ‘paired oppositely accelerated’ particles caroming
around in ‘most comfortable great circles’, three of which
intersect to give vertices of two spherical octahedra, one
octahedron for each opposing direction. We simply ac-
cept the notion of ‘octahedron’ representing a ‘standard’
state. All molecules in their stable state are treated as tense-
grity structure made up of struts and tensile elements. We
examine these molecules in terms of an ideal octahedron
irrespective of their actual topological features.
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Figure 1. Plot of F (obs) (eq. (4)) vs the tolerance factor, foo (eq. (3))
for gas-phase MX,, MX; and MX4 compounds. Dotted line: Type I com-
pounds (M = metal); Fs (obs) = 1.66(0.04) — 1.12(0.5) f50, R = —0.96,
SD = 0.03. Full line: Type II compounds (M = insulator); Fs(obs) =
1.87(0.02) — 1.25(0.4) £3o; R = —0.96, SD = 0.04.
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The seemingly linear relationships (eq. (5)) in Figure 1
may be understood from the simple geometrical limits of
octahedral structures, which also helps to place on a
quantifiable basis the notion of tensegrity in molecules.
Thus, we examine eq. (4) in terms of the ratio of atomic
sizes, (CR{(M)/CRy(X). The ratio CR{(M)/CR(X) = 0.414,
geometrically represents the lower limit for stable octa-
hedral coordination in ligand close-packed scenarios.
This close-packing description is quite different from that
envisaged by Gillespie er al'>'. Writing eq. (3) as
150 = 0.5(CRY(M)/CRy(X) + 1) we require from eq. (5), Fs
(obs) = 1 when £, = 1/1.414 = 0.707. From the best fit of
Fg(obs) vs f,, for type II compounds (Figure 1) we find
Fg(obs) ~ 1.01 when 15, =0.707. Ideally, we prefer
Fg(obs) = (2 — 1.4145,) and obtain from eqs (2), (3) and (5)

dxx (caled) = 2KkKCRy(X)/(2 — 1.41415), (6)

k (~ 1) may be treated as an effective dielectric constant
being dependent on atomic sizes or M—X distance (see eq.
(7)). K is a quantity (see later) that is dependent on
whether M is an atom of a metallic or of an insulating
element (at NTP). The calculated value dyy from eq. (6)
may now be treated virtually as an ‘ab iritio’ quantity
dependent only on ‘portable’!” core atomic size of M and
X atoms (eq. (1)).

The best fits to plots (not shown) of dyy(obs) vs dyx
(caled) (k = 1 in eq. (6)) in more than 160 gas-phase MX5,
MX; and MX, compounds give (R > 0.99) dyy (obs) =
1.19dxx (cal) — 15.8(9.2) for type I compounds and dyy
(obs) = 1.04dxy (cal) — 6.7 for type II compounds. The
improvement in the R factor of the fits as compared to
that in Figure 1 attests to the goodness of the model (eq.
(6)) especially considering that the gas-phase distances
are obtained at various conditions of measurement, tem-
perature and pressure and without a substantial theo-
retical basis for the ‘core’ atomic sizes. The finite
intercepts of the best fits using eq. (6) highlights the un-
certainty in the way x of eq. (6) varies with atomic size.

Because of increase in polarizability with size, x is ex-
pected to increase when x is treated as an effective dielec-
tric constant. We have varied x as k¥ = 1 + (Ldx)* such
that the intercept of the best fit is zero. We find that
L ~0.001 (for dyx in pm) is empirically required for all
compounds we thus write

dxy (caled) = 2{1 + (0.001dyz)" }KCR(X)/(2 — 1.41445).

(N

The best fits to plots (see Figure 2) of dyy (obs) vs dyy
(calcd) (using eq. (7)) gives

K (type D/K (type (II) = 1.08. (8

We have thus chosen K =1 for type II compounds and
K = 1.08 for type I compounds in eq. (7). The calculated
values of dyy is comparable to results from theoretical
calculations'? (standard deviation is 8 pm for type II and
13 pm for type I).
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It is of fundamental interest to understand changes in K
for type I (M = metal) and type II (M = insulator) com-
pounds. The size 2CRy(X) (K =1 in eq. (2)) is close’ to
the negatively charged ionic radii of atoms in solids while
the size 2 X 1.08 X CRy(X) (K = 1.08 in eq. (2)) could be
close to the so-called van der Waals® radii'’, rvpw. For
example, the ratio of the Bondi radii'! of rvpw for C, N,
O, F to the corresponding values of CRy(X) is close to
1.09. The nearest-neighbour interatomic separation of Ne,
Ar, Kr and Xe in their crystals'’ when given by 2 x
1.08 x CRy(X) could require rg values of 0.27, 0.51, 0.61
and 0.74 (a.u.), respectively, which is close to that ex-
pected (e.g., from the Zunger—Cohen valence s-electron
radii'® of 0.22, 0.46, 0.65 and 0.75 (a.u.)).

A point of importance” is the relative insensitivity of
non-bonded X— — —X distances to the deviation of bonded
M-X distances from the calculated value of djix (using eq.
(1)) is shown in Figure 3. The invariant 1,3-XX non-
bonded distances may be regarded as struts and the vari-
able 1,2-MX distances may be regarded as tensile ele-
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Figure 2. Plots of dyxx (obs) vs dxx (calcd) using eqs (7) and (8) (K =1
for type II compounds; for transition metal tetrahalides, we take K= 1).
The best fits (R > 0.993) give dxx (obs) = 1.07dxx (calcd) for type I
compounds and dxx (obs) = 0.99dyx (calcd) for type 11 compounds
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Figure 3. Plots of dyx (obs) of gas-phase MX, compounds (n = 4)
(refs 12, 13) vs djx (calculated) using eq. (1). Type I compounds indi-
cated by a star are compounds such as AIH,, SnH,, PbH,4. Type II com-
pounds with a cross are compounds which show M-X double bond
character such as SO,, SOs;, BO,.
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ments for molecular tensegrity structures of gas-phase
MX, compounds. This is consistent with early seminal
observations of Bartell'’, re-emphasized by Gillespie and
coworkers'*!®, The invariance of 1,3-non-bonded distances
may be regarded as struts and the more variable 1,2-dista-
nces as tensile elements in molecular tensegrity structures
of gas-phase MX, compounds. Our methodology is appli-
cable to terminal linkages in gas-phase dimers (such as
those in M,Xs dimers, M = Al, Ga, X = halogen) or orga-
nic compounds but not to the bridged linkages (showing
effects due to a transition to a condensed state). The main
exceptions (not shown) are the linear compounds KrF,
and XeF, and the axial non-bonded F— — —F distances in
T-shaped molecules, BrF; and C1F;. The understanding of
non-bonded X— — —X distance using eq. (5) for these and
other n > 4 MX, compounds requires more elaboration.
In conclusion, we find that molecular tensegrity seems
to be a powerful concept for molecular structure. Our
methodology does not require prior knowledge of ionic
character of M-X bond, or the full weight of complex
quantum chemical calculations given a core atomic size.
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Natural radioactivity of coal and its
by-products in the Baoji coal-fired
power plant, China

Xinwei Lu*, Xiaodan Jia and Fengling Wang

College of Tourism and Environment, Shaanxi Normal University,
Xi’an 710062, P.R. China

Coal, bottom ash and fly ash from the Baoji coal-fired
power plant, China were measured for ***Ra, ***Th and
K by a NaI(T1) xray spectrometer. The results show
that fly ash or bottom ash contain three to six times
more natural radionuclides than feed coal. The results
are compared with the available data from other coun-
tries. Radium equivalent activity and external index
are calculated for by-products to assess the radiation
hazards arising due to the use of these ash samples in
the construction of dwellings. Some fly-ash samples
have radium equivalent activities and external hazard
index values more than 370 Bq kg™ and unity respec-
tively. The absorbed dose rate at 1 m above the ash
pond was (155 nGy h™') higher than the global average
value of 55 nGy h™' and the Chinese average value of
81.5 nGy h™'. The corresponding annual external effe-
ctive dose is estimated to be 0.191 mSv y', which is less
than that (0.46 mSv y™') in areas of natural background
radiation.

Keywords: Bottom ash, coal, fly ash, natural radioacti-
vity, y-spectrometry.

THERE has been an increasing demand for electricity gene-
ration throughout the world with the ever-increasing

*For correspondence. (e-mail: luxinwei@snnu.edu.cn)

1508

growth in human civilization. With the increasing demand
for electricity, coal plays an important role in electric
power generation worldwide. China depends largely on
coal reserves for energy needs, which contribute more
than 70% of the total power generated at present in China'.
Coal, burned as fuel material in power plants, produces
energy and a large amount of solid waste. The solid waste
resulting from coal combustion are mainly fly ash and
bottom ash. Bottom ash is the coarse-grained material
that is collected at the bottom of the boiler and fly ash is en-
trained in the gas stream and carried up the stack follow-
ing combustion. Depending on the emission control
system of the stack, most of the fly ash is recovered by col-
lection devices and any leftover is released into the atmos-
phere and deposited on the soil around the coal-fired
power plant. The ashes tend to be enriched in inorganic
elements (metals and radionuclides).

Since the ashes produced may be either disposed-off or
utilized further in other applications such as the building
materials industry, it is important to study in detail, the
radiological characteristics of the various fractions. Fur-
thermore, detailed knowledge of the radiological charac-
teristics allows better determination of the radiation
exposure, both occupational and of the public, due to the
produced ashes. Eisenbud and Petro’ first pointed out that
radiation dose from the use of fossil fuel for power gen-
eration could be a significant addition to the natural radiation
dose. The natural radioactivity of coal and by-products from
coal-fired power plant has been noticed in many countries.
There are many studies on measurement of concentration
of radionuclides in coal and ash or on the estimation of
radioactive influence of coal-fired power plant to the ambient
environment®'’, but data for Baoji coal-fired power plant
are lacking.

Baoji is the second largest city in the Shaanxi Province
in central China. It is located at the western end of the
central Shaanxi basin about 150 km west from the provin-
cial capital, Xi’an city. Baoji is surrounded by mountains
and plateau in the north, west and south. Only the east is
open toward the lower reach of the Weihe River, a major
branch of the Yellow River in Shaanxi Province. The
Weihe River runs through the city from west to east. Baoji
coal-fired power plant with a 60 m stack, situated at the
western extremity of the city, has been in operation since
1960s. The power plant with 1.5 x 10° kWh annual produc-
tion capacity consumes low-quality bituminous coal reserves
from Tongchuan of Shaanxi and Huating of Gansu, and
produces approximately 4500 tonnes (t) of fly and bottom
ash per day from more than 14,000 t of coal. The ash content
in the bituminous coal reserve used at the Baoji power
plant is in range 12.12-38.82%. There are two big ash
ponds (about 1000 m length, 500 m width and 25 m depth)
for deposited ash from ash-water. The ash from this
power plant is mainly used in producing cement and other
building materials or aggregate in stabilizing roadways.
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