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Abstract

The hydrogen atoms in hemimorphite, ZnsSi207(OH); - H,O, have been
located and its crystal structure refined using 415 three-dimensional single-
crystal neutron-diffraction data. The mineral is orthorhombic, space group
Imm2, with a = 8.367(5), b = 10.730(6), ¢ — 5.115(3) A, and Z = 2. The
structure consists of three-membered rings of corner-sharing Zn(OH)O; (x 2)
and Si04 tetrahedra arranged in compact sheets parallel to (010). Three oxygen
atoms in each tetrahedron are bonded to two zin¢ atoms and one silicon atom,
while a fourth oxygen atom forms a bridging bond to an equivalent cation in an
adjacent sheet. The water molecules are oriented parallel to (010) inside large
cavities between the tetrahedral sheets and are held in place by hydrogen bonds
to and from the hydroxyl groups of the Zn—OH — Zn bridging linkages. Mul-
liken population analyses calculated using constant bond lengths and the ob-
served angles within and between the tetrahedra allow a rationalization of the
bond-length variations in the SiO4 group, but are less successful in the case of
Zn(OH)O3. Detailed analysis of observed bond length and calculated overlap-
population variations in a variety of tetrahedral oxyanions suggests that the
poorer agreement in the case of the Zn tetrahedron is more a function of the
larger overall size of the group than of the relative ionic character of the bonds.

Introduction

The crystal structure of hemimorphite has been of interest follow-
ing the discovery by ZaMBONINI (1908), and later confirmed by Fausr
(1951), Roy and MumpTON (1956) and TAYLOR (1962), that the mineral
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dehydrates in two stages. Crystal-structure analyses by ITo and West
(1932), Barcray and Cox (1960) and McDowALD and CRUICKSHANK
(1967) have served to rationalize these dehydration properties by
establishing the presence of hydroxyl groups strongly bonded to two
zine atoms, and water molecules located in a series of interconnected
cavities parallel to the ¢ axis.

The release of water over the temperature range 400—650°C
(Faust, 1951), without disruption of the structure, represents the loss
of the H2O molecules, whereas the breakdown of the structure to
B ZnzSi04 at about 740°C is a result of the expulsion of the hydroxyl
groups (Fausr, 1951; TavyLoR, 1962).

Although the positions of the non-hydrogen atoms in hemimor-
phite are known with moderate precision (McDoxNaLp and CRUICE-
SHANK, 1967), the exact location of the hydroxyl and water oxygen
atoms, and of course the protons, remains in some doubt. Indeed,
McDo~warp and CrUTckSHANK have suggested that the water mole-
cule may be rather free to move inside the cavity and to form hydro-
gen bonds to a variety of neighbouring oxygen atoms. Since the chan-
nels containing the water (and hydroxyl) are parallel to the polar ¢
axis of the cell, a study of the mechanism of dehydration of this min-
eral is of particular interest. Moreover, TAYLOR (1962) has indicated
that the product of complete dehydration of hemimorphite shows a
marked preferred orientation with preservation of the repeat distance
in the c-axis direction. The present neutron-diffraction study was
initiated in order to locate the protons associated with the water
molecule and hydroxyl group as a preliminary to a detailed x-ray
study of the structure as a function of temperature. We also plan to
undertake an analysis and comparison of the experimental charge-
deformation distribution with theoretical electron-density maps
obtained from accurate molecular-orbital theory.

Experimental

The sample selected for data collection was a 31 mg transparent
fragment of hemimorphite from Chihuahua, Mexico, displaying well-
developed {010} faces, and having approximate dimensions 1.6 2.6 x
2.1 mm. The crystal was oriented with the ¢ axis parallel to the ¢
axis of a fully automated Electronics and Alloys four-circle diffractom-
eter at the CP-5 reactor at Argonne National Laboratory. The unit-
cell parameters were refined by least-squares methods to give the best
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fit between calculated and observed angles 20, y and ¢ (measured! at
92 + 2°C with 2 = 1.142(1) A) for 29 automatically centered re-
flections in the range 20 — 33—63°. The resulting cell dimensions
(o = 8.367(5), b = 10.730(6), ¢ = 5.115(3) A) and unit cell volume
[459.2(4)A3] agree well with values reported previously by McDoNALD
and CRUICKSKANK (1967)

Density measurements were made by the volume displacement
method (in toluene) using six crystals in the range 21 —58 mg and
yielded a value of 3.475(10) g em~3: the calculated density based on
the ideal formula Zn;Sis07(OH)s - HoO and Z =2 is 3.484 g cm3.
Several samples of hemimorphite with weights in the range 158—277mg
were held at a temperature of 800°C for several hours and yielded
weight losses between 7.3 and 7.89/p, again consistent with the pres-
ence of a single HyO group in the ideal formula (theoretical leight
loss = 7.489/y).

Intensity data for the structure analysis were collected at 22 4
2°C using a neutron wavelength 1.142(1) A produced by diffraction
from the (110) plane of a Be monochromator crystal2. Each reflection
was step-scanned using the §—20 technique at 26 intervals of 0.1°
over a scan range of width $.2—6.4° in 20. Backgrounds were deter-
mined from stationary counts taken at both ends ot the scan. A total of
818 reflections of the types hkl and hkl, consistent with a body-cen-
tered lattice, were collected to a maximum (sin 6)/A = 0.72. Two
reflections were measured every 50 regular reflections in order to
monitor crystal and instrument stability: their integrated intensities
were observed to have a maximum random variation of 2.19/,. The
intensity of each reflection was corrected for background, Lorentz,
polarization and absorption effects using a ux value of 0.913 cm—1 (the
corresponding transmission factors ranged from 0.83 to 0.88). All data
were placed on an absolute scale by calibration with a well-characteriz-
ed NaCl crystal using a method described by PETERSEN et al. (1974).
Multiply measured and symmetry-equivalent reflections (consistent
with point group mm2) were averaged (using weights based on count-
ing statistics) to yield a set of 433 unique structure factors, each with a
standard deviation estimated from the equation ¢ = [o12 -+ 0.0372]0-5/
2105 where I is the corrected raw intensity and o1 is derived from
counting and averaging statistics. The ‘“‘agreement factor” between

L Parenthesized figures here, and elsewhere in the text, represent the e.s.d.
in terms of the least significant figure quoted.
2 Further details are given by RoziEre and WILLiams (1976).
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structure factors ( x 100) for hemimorphite
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Loction of hydrogen atoms and refinement

Refinement of the heavy-atom positions and isotropic temperature
factors was initiated in space group Imm2 using the atomic coordinates
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Table 2. Fractional atomic coordinates and temperature factor coefficients for

hemimorphite*

Atom x y 2z pu1
Zn 0.2047(1) 0.1613(1) 0 0.0029(1)
Si 0 1465(2) 0.5076(5) 23(2)
o(1) 1602(2) 2055(1) 6362(4) 38(1)
0(2) 0 1669(2) 1938(4) 27(2)
0(3) 3050(2) 0 410(6) 50(2)
0(4) 0 0 5912(6) : 54(3)
0(5) 5000 0 5195(13) 164(10)
H(35) 3740(8) 0 190(2) 154(9)
H(53) 4256(14) 0 643(4) 247(21)
Atom P2 Bas Bz P13 Bas

—0.0005  —0.0001 (2) 0.0003(2)
Zn 0.0020(1)  0.0066(4) 5(1) 0.1(2) 3(2)
Si 13(1) - 45(6) 0 0 0(3)
O(1) 26(1) 70(4) —17(1) 9(2) 9(2)
0(2) 33(1) 55(5) 0 0 4(2)
0(3) 18(1) 271(10) 0 —30(4) 0
0(4) 10(2) 124(9) 0 0 0
0(5) 227(12) 221(9) 0 0 0
H(35) 56(4) 692(41) 0 —224(18) 0
H(53) 247(18)  1163(101) 0 102(45) 0

* Parenthesized figures here and in all subsequent tables represent the e.s.d.
in terms of the least significant figure to the left.

of McDo~NaALD and CRUICKSHANK (1967). As in the previous study, the
unit-cell origin was defined by fixing the z coordinate of Zn at 0.0.
Minimization of the function Zw(¥,— |F.|)2, where F, and F. are the
observed and ecalculated structure factors and w = 1/02, resulted in
convergence at a conventional R value of 0.123. The hydrogen atoms
were then located from a Fourier difference map and the refinement
was continued to convergence at R = 0.081. When the isotropic
temperature-factor model was converted to an anisotropic model

3 3
of the form exp [— 2 2 Bishihy] with the symmetry restrictions of

=1 j=1
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Table 3. Magnitudes and orientations of the principal axes of thermal ellipsoids in

hemimorphite
Atom Axis Root- Angle to
mean-
square +a ~+b “+ec
displace-
ment
1 0.090(3) A 46(20)° 52(7)° 112(37)°
Zn 2 0.094(3) 113(28) 97(23) 156(34)
3 0.116(2) 127(4) 39(4) 81(5)
1 0.077(5) 90 89(29) 1(29)
Si 2 0.086(5) 90 179(29) 89(29)
3 0.091(5) 0 90 90
1 0.082(3) 43(5) 48(2) 95(14)
0(1) 2 0.092(3) 103(11) 84(9) 166(6)
3 0.151(2) 130(1) 43(1) 77(2)
1 0.085(4) 90 95(3) 5(3)
0(2) 2 0.098(3) 180 90 90
3 0.139(3) 90 5(3) 85(3)
1 0.104(4) 90 0 90
0(3) 2 0.125(4) 162(2) 90 108(2)
3 0.195(3) 108(2) 90 18(2)
1 0.076(6) 90 0 90
O(4) 2 0.128(5) 90 90 180
3 0.138(4) 0 90 90
1 0.171(7) 90 90 0
0(5) 2 0.241(7) 180 90 90
3 0.364(9) 90 0 90
1 0.146(9) 35(2) 90 55(2)
H(35) 2 0.181(6) 90 180 90
3 0.354(10) 55(2) 90 145(2)
1 0.285(13) 17(6) 90 107(6)
H(53) 2 0.379(14) 90 180 90
3 0.401(18) 73(6) 90 17(8)

Levy (1956), the R value dropped to 0.051. Further refinement with
the inclusion of an isotropic extinction parameter (g), as defined and
scaled by CorpEns and HamirTon (1970), proceeded smoothly to
convergence (parameter shifts in the final cycle were less than one
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tenth of the corresponding e.s.d). The final values of B and R, 3 were
0.028 and 0.035, respectively (0.031 and 0.035 for the entire data set
of 433 structure factors), with the error in an observation of unit
weight = 1.58. Although nearly one third of the data were affected
more than 109/, by extinction [g = 0.61(4)], only 59/, of the reflections
needed correction factors between 1.3 and the highest value of 2.2,
The final scale factor was 0.989(7), close to the ideal value of unity
expected for a data set placed on an absolute scale. The major positive
and negative peaks in a Fourier difference synthesis were all located in
the immediate environment of the water molecule but had maximum
magnitudes somewhat less than 13%/y of the density of peaks corre-
sponding to O and H atoms. The residual nuclear density may be a
function of a small quantity of excess water present in a slightly
different orientation within the channels, but could also be indicative
of a minor amount of positional disorder in a single H>O species.
Values for F, and F, (X 100) are listed in Table 1. Atomic coordi-
nates and thermal parameters along with their standard deviations
estimated from the variance-covariance matrix are given in Table 2.
The root-mean-square components of thermal displacement, and
thermal-ellipsoid orientations appear in Table 3. The coherent neu-
tron-scattering amplitudes used during least-squares refinement for
Zn, Si, O and H were respectively 0.57, 0.42, 0.580 and —0.374, all in
units of 1012 em (Baconw, 1972). Programs utilized for solution, re-
finement and geometry calculations were local modifications of DA-
TALIB, DATASORT, FOURIER, ORFLS3, ORFFE3 and ORTEP24,

Discussion of the structure

Hemimorphite crystallizes with the topology displayed in Fig. 1
and the bonding dimensions summarized in Table 4. The framework
consists of an assembly of three-membered rings of corner-sharing
Zn{OH)O03 (Xx2) and SiQ4 tetrahedra arranged in compact sheets
parallel to (010). Three of the oxygen atoms in each tetrahedron are
bonded to one silicon and two zinc atoms, while the fourth oxygen
(or, in the case of the zinc polyhedron, the hydroxyl group) forms a
bridging bond to an equivalent cation in an adjacent sheet. The cross-
linking of the sheets produces additional rings of four, six and eight
tetrahedra and forms a series of large cavities connected along the

8 Ry = [Zw(Fo|Fe|)?/ 2wk,

4 All programs are listed in the World list of crystallographic computer pro-
grams (3rd ed. and supplements).
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Table 4. Interatomic distances and angles in hemimorphite*

Si0;4 tetrahedron:

Si—0(2) 1.620(3) A 0(2)---0(1) (x2) 2.662(2) & /0(2)—8i—O0(1)( X 2) 110.4(1)°
O(1) (x 2) 1.622(2) 0(4) 2.709(3) 0(4) 113.0(2)
0(4) 1.629(2) o) - - - O(1) 2.681(3) O(1)—Si—O(1)¢ 111.5(2)
<Si—0> 1.623(2) 0O(4) (X2) 2.591(2) 0(4) (x 2) 105.7(1)
<0+ 0> 2.649(2) </0—8i—0> 109.5(1)
ZnQ, tetrahedron:
Zn—0(3) 1.935(2) A 0(3) - - - O(1)# 3.211(2) A /0(8)—Zn—0(1)i 111.4(1)°
O(1)# 1.951(2) Of(1)ie 3.259(3) O(1) 113.7(1)
O(1)i# 1.956(2) 0(2) 3.214(3) 0(2) 110.4(1)
0(2) 1.980(2) O(1)é - - - O(1)% 3.116(2) O(1)¥#-Zn—O(1)5# 105.82(7)
<Zn—0> 1.956(1) 0(2) 3.169(2) 0(2) 107.47(9)
O(1)## - - - 0(2) 3.179(3) O(1)¥-Zn—0(2) 107.71(8)
<0---0> 3.191(2) < /0—Zn—0> 109.4(1)
Framework anions:
[Znv—0(1)—Zn® 114.01(7) A /Zn—0(2)—Zn' 119.8(1)° /Zn—O0(3)—Zn®! 126.9(1)° Si—0(4)—Sivit 149.5(2)
Znv—O(1)-Si 116.7(1) In—0(2)—Si(x 2) 119.47(6) Zn—O(3)—H(35) ( X2) 110.4(2)
Zn*—O(1)—Si 128.3(1)
Water molecule and hydroxyl group:
(0] H O, 0s—H H---0, Og---0, [Od—H"'Oa H---H [H—Od—H
0(3) H(35) 0(5) 0.957(7) 1.986(8) 2.941(6) 175.0(8) - -
0(5) H(35) x 2 0(3)® 0.888(17)  2.271(19)  3.127(6) 161.8(15)  1.25(2) 89(2)
* Symmetry transformations for atoms outside the asymmetric unit:
b —2, Y, 2 . 0.5—x, 0.5—y, —0.5 + z .z, y,2—1.0 w.x,9,1.0+ 2 v 05—, 05—y, 05+ 2z vi.x,—y,z vii.—x, —y, 2
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Fig. 1. Unit-cell diagram of the hemimorphite crystal structure. Thermal el-
lipsoids for all atoms represent 500/, probability surfaces. Atoms outside the
asymmetric unit are labelled with superscript primes

¢ axis. The water molecules near the centers of these cavities (in the
plane of the eight fold rings), are orientented parallel to (010), and are
held in place by hydrogen bonds to the hydroxyl groups (Fig. 2). On
heating, it is apparent that the HoO molecule is able to pass through
the 6-membered ring (possibly by a process of proton exchange with
the hydroxyl group) into an anjacent (vacated) cavity above or belong
it in the c-axis direction without disruption of the structure.
Although the nuclear coordinates determined in the present study
(Table 2) for the atoms not involved in bonds to hydrogen are similar
to the values derived by x-ray diffraction as reported by McDoxaLD
and CRUICKSHANK (1967), the positions of the oxygen atoms of the
hydroxyl group, O(3), and water molecule, O(5), differ by 0.03 and
0.07 A, respectively. The significance of these differences is, of course,
markedly reduced by the large e.s.d.’s associated with the atomic
coordinates in the earlier study, but it is interesting to note that in the
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Fig. 2. Section through the cavity at y = 0 in the hemimorphite unit cell.
Thermal ellipses for all atoms represent 500/ probability surfaces. Hydrogen
bonds are indicated by dashed lines

case of O(3) and O(5) the oxygen position in the x-ray study is dis-
placed, relative to the neutron diffraction position, toward the region
of space expected to be occupied by the oxygen lone pair electrons.
Similar shifts due to asphericity of the electron distribution, as deter-
mined in the x-ray study, have been reported in a number of other
structures containing terminal O, N and H atoms (see, for example,
CopPENS, 1977), but the magnitudes of the nonhydrogen-atom dis-
placements in these instances are only about 0.01 A. We are at present
collecting a set of room-temperature x-ray data in an attempt to
verify the apparently larger shift observed for the more isolated water-
molecule oxygen atom in hemimorphite.

The O(5) atom les slightly below the center of a rectangle of
nearest-neighbor O(3) atoms in the plane at y = 0 (Fig. 2). Based on
the relative sizes of the angles subtended by the O(3) atom pairs above
and below O(5), McDoxaLD and CRUICKSHANK (1967) inferred that
the water-molecule protons are directed towards the O(3) atoms below
0(5) in the unit cell but in positions considerably displaced from the
0(5)—0(3) lines. In fact, the present study indicates that the HyO
group is oriented in the reverse direction, and although the O(5)—
H(53) - - - O(3) angle does deviate significantly from 180° (Table 4),

17*



252 R.J.Hiur, G. V. GiBss, J. R. Crai¢, F. K. Ross and J. M. WILLIAMS

the value is only slightly smaller than the mean angle (164 °) docu-
mented for hydrogen bonds in other structures (BAur, 1970a). The
0(3)—H(35) - - - O(5) angle, on the other hand, is much wider (175°),
Indeed, the orientation of the water molecule appears to be controlled
by the arrangement of the Zn—O0(3)—Zn linkage which dictates that
the H(35) atom is directed in the positive z-axis direction in an at-
tempt to fulfill the requirements of sp2 hybridization on O(3). The
H(53) atoms respond to this situation by positioning themselves on the
opposite side of O(5), in which arrangement they are able to form hy-
drogen bonds to O(3) from below. Since H(35) is bonded to the bridging
O(3) atom in a Zn—O—Zn linkage, it is not surprising that its thermal
vibration parameters are lower and its hydrogen bonds to O(5) there-
fore stronger than those involving the H(53) atom. Under these cir-
cumstances the observed location of the O(5) atom in a site closer to the
0O(3) atoms below it in the unit cell is to be anticipated. However,
both sets of hydrogen bonds are relatively long (Table 4) and would
not be expected to anchor the HoO group firmly in one place. Never-
theless, the absence of any significant peaks of residual nuclear density
suggests that the H»O group is not disordered over a number of mar-
kedly different sites within the cavity as suggested by McDoNaLD and
CRUICKSHANK (1967). Instead, the rather narrow H(53)--0(5)—H(53)
valence angle, together with the large thermal parameters for H(53),
indicates that the protons are disordered over a few closely spaced
sites, each of which violates the overall mm2 symmetry of the cavity
but lies within the observed ‘“‘thermal”’ ellipsoid of vibration. With this
in mind it is interesting to note that the O(3)—H(35) bond distance
of 0.957(7) A is close to the mean value (0.96 A) in other structures
(BAUR, 1970a), whereas the O(5)—H(53) distance of 0.888(17) 4 is at
the lower limit of the observed range. When these bond lengths are
corrected for thermal motion under the ‘“‘riding” approximation of
Busine and LEvVY (1964), the values increase to 1.103(7) and 0.95(2) A,
respectively.

Moleeular-orbital study

McDoxNarp and CRUICKSHANK (1967) were able to justify the
classification of hemimorphite as a framework structure rather than
as a pyrosilicate (first proposed by Zorrai, 1960) by drawing attention
to the approximate equality of the Si—O bond lengths in the pyrosili-
cate ion, and to the likelihood of sp? hybridization of the orbitals on
O(1) and O(2) due to the close proximity of their valence angles to
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120° (Table 4). Of course, the small range in Si—O bond lengths may
also be rationalized in terms of an electrostatic model since all the
oxygen atoms are completely charge balanced (BAUR, 1970b). However
neither of these models is able to account for the relatively large range
in Zn—O bond lengths from 1.935 to 1.980 A. Therefore, in view of the
apparent success of extended Hiickel theory (EHT) in accounting for
structural trends in a number of moderately complex systems (GIBBS
et al., 1972; TossELL and GIBBS, 1977) we were tempted to apply these
concepts to the Si and Zn tetrahedral oxyanions in hemimorphite.

All calculations were performed with the program originally
written by HorrmMANN (1963) assuming a minimum-valence sp basis
for Si, Zn and O, and an s basis for H, with the corresponding valence-
orbital ionization energies and Slater orbital exponents listed in
Table 5. In an attempt to account for the influence of the surrounding
framework on the individual 77—O bond lengths within each tetra-
hedron, the “first coordination sphere” of tetrahedral groups was in-
cluded in the calculations in both instances: the theoretical basis for
the neglect of more distant atoms has been discussed by Krer (1968)
In addition, since shorter bonds necessarily tend to produce larger
overlap populations, we have removed this induced correlation from
consideration by fixing all Si—O and Zn—O bond lengths within each
oxyanion cluster to values of 1.623 and 1.956 A, respectively (the
0—H bond was left at 0.957 A), while maintaining the O —7'—O and
T—O0—T angles at their observed values. During the calculations, the

Table 5. Valence orbital tonization potentials (VOIP) and Slater exponents (&)

Atom Orbital VOIP* %
Si 3s 14.83 eV 1.634
3p 7.75 1.428
Zn 4s 8.41 1.491
4ip 3.58 1.445
0 2s 32.33 2.246
2p 15.79 2.227
H 1s 13.60 1.200

* VOIP’s for Si, O and H are from BascH et al. (1965); for Zn, from CUsAcHS
and CORRINGTON (1970).

** Slater exponents for Si, Zn and O are from CLEMENTI and RAIMONDI
(1963); for H, from BARTELL, SU and Yow (1970).
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Fig. 3. (a) Observed bond length, d (Si—O0), for the central 8i0Q4 tetrahedron of
the SizZng02224~ cluster in hemimorphite, plotted against the corresponding
Mulliken bond-overlap population, n (Si— Q). (b} Observed bond length, d(Zn—0
for the central ZnO, tetrahedron of the SizZnsOs2H?21- cluster in hemimorphite,
plotted against the corresponding Mulliken bond-overlap population, n(Zn—O0).
In both (a) and (b) the overlap population was calculated assuming observed
valence angles, and constant bond lengths of 1.623 and 1.956 A for Si—O and
Zn— O respectively

energy and shape of the molecular-orbital wave functions respond to
the angular distortions by establishing different overlap populations
for the inidividual bonds.

Figure 3(a) is a plot of the observed bond length, d(Si—O) vs
7 (Si—O0), the calculated bond overlap population, for the four bonds in
the central SiQ; tetrahedron of the SizZngO2024~ cluster. Despite the
very small range in Si—O bond lengths, it is clear that n(Si—O) cor-
relates very well with d(Si—O0), shorter bonds tending to involve larger
overlap populations. Although the calculated value of n(7'-—O) cannot
be regarded as the actual number of electrons localized in the inter-
nuclear region, the general belief that they are closely related (Cour-
SON, 1970) is consistent with the above results. Encouraged by the
discovery that the correlation between d(Si—O0) and #(Si—O) was not
as well developed when the calculation was repeated without the
influence of the zinc tetrahedra (¢.e., on the SizO:6— group alone), we
were surprised to find that EHT was not able to rationalize the bond-
length variations within the ZnQ4 group at the center of the SigZnsH?-
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cluster (Fig. 3b). With the removal of the proton from consideration,
EHT successfully predicts that the Zn—O(3) bond should be the
shortest, and also that O(3) is the point of attachment of the proton
(by assigning a significantly larger value of calculated electrical charge
to that atom), but the lengths of the other bonds remain essentially
independent of overlap population (Fig. 35). In both cases the results
were unaffected by the inclusion of the completely filled 3d orbitals on
the zinc atoms.

Earlier studies of the isolated tetrahedral oxyanions of a large
number of second-, third- and fourth-row elements have indicated that
a moderate to very strong correlation exists between n(7—O) and
<0 —T—0>3, the mean of the three O—T—0O angles common to the
bond (LouisNATHAN and GrBBs, 1972; TossELL and GiBBs, 1977). The
results of these calculations have been used to rationalize similar
correlations observed between d(7'—O0) and <O—7—0>3 in more
than 100 precisely determined crystal structures containing the cor-
responding 7047~ groups. In both cases the correlation is observed
to increase from left to right along each row of the periodic table. In
other words, for a given range of <O—7T—0>3 the range of observed
bond lengths, Ad(T—O), and of calculated bond-overlap populations,
An(T —O0), is greater for B, S and Se than for T atoms of lower electro-
negativity in the same period (TossgeLL and GiBBS, 1977).

In the past it has been suggested that these trends are a reflection
of a general increase in the directional properties of the bond as the
electronegativity difference between the bonded atoms decreases along
each period (TosseELL and GisBs, 1977). The poor correlations ob-
tained above for the zinec cluster in hemimorphite, and also from an
analysis of the relationship between n(Zn—O0), d(Zn—O) and
<0—Zn—0>3 in a number of other precisely determined crystal
structures (H1LL and GIBBS, in preparation) are, therefore, consistent
with the overall trend observed for the fourth-row elements. However,
in spite of the fact that the electronegativity of Siis only slightly larger
than that of Zn, EHT was clearly far more successful in rationalizing
in spite of the fact that the electronegativity of Si is only slightly larger
than that of Zn, EHT was clearly far more successtul in rationalizing
the bond-length variations for the silicate cluster. Indeed, the intra-
period relationship for An(7'—O0) and Ad(T —O0) with electronegativity
consistently breaks down for elements in different periods, even though
the bonds may be predicted (PauLiNG, 1960) to have the same degree
of covalent character. For example, small changes in <O—7T-—-0>3
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Fig. 4. (a) Variation of Ad(T—O) as a function of d(7T"—O0) for second-, third,
and fourth-row T'04%~ tetrahedral oxyanions. Ad(T'—O) is defined as d(T—0)—
<d(T—0)>, where <d(T'—0>)> is the mean d(T'—O0) value calculated at
valence angles of 100° and 120° from published value calculated at valence an-
gles of 100° and 120° from published linear regression equations relating d(7—0)
and <O—T—0>3 (TosseLL and GiBBs, 1977). (b) Variation of An(T'—O0) as a
function of d(T'—O0) for the same oxyanions as in (a). An(T—O0) is defined as
n(I'—0) — <n(T—0)>, where <n(T—O0)> is the mean n(T—O0) value
calculated at valence angles of 100° and 120° assuming a constant d{T—0)
value and C3, point symmetry for each ion. The lower curve represents the
relationship between An(Zn—O0) and d(Zn—O) for the bond lengths in the
range 1.4—2.0 A; the upper curve gives the equivalent relationship for the
SiO4 group

within the borate group are observed to produce a greater change in the
length of the common bond than the same angular changes occurring
in the somewhat larger arsenate group, even though B and As have the
same electronegativity. On the other hand, tetrahedral oxyanions
about As and Be have approximately the same mean bond length and
display very similar bond-length changes as a function of <<O—T—0 >,
despite the fact that the cations have significantly different electro-
negativities. From a detailed analysis of bond-length and valence-angle
variations in a wide variety of tetrahedral oxyanions it is now clear
that the dependence of bond length on the average of the three valence
angles common to the bond is more a function of the mean 77— O bond
length itself than of the electronegativity difference between the
bonded atoms (Fig. 4a).

Despite the fact that EHT is based on a totally covalent-bonding
model and would therefore be expected to be strongly influenced by
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the electronegativities of the atoms incorporated into the calculations,
values of An(T'—O) far all tetrahedral oxyanions studied show a
monotonic dependence on d(7'—O) which is very similar to the re-
lationship between Ad(T —O0) and d(T'—O) (Fig. 4b). Indeed, this same
relationship may be replicated by artificially changing the bond length
over the range 1.4 to 2.0 A for any of the 704~ group considered. In
Fig. 4b the relationship between An(T—O0) and d(T'—O0) for T = Zn
and Si have been plotted over the entire range of d(7'—O) values. The
displacement of the two curves is a reflection of the different VOIP’s
and Slater exponents used to characterize the orbitals in the EHT
calculations, but their overall shapes are remarkably similar. There-
fore, although the observed changes in bond length may indeed be
rationalized in terms of changes in bond-overlap population [Ad(T —O)
and An(T'—O) are linearly related with a correlation coefficient of
0.86], the fact that An(T—O) is essentially independent of the exact
EHT parameterization suggests that these changes are really a geo-
metric function of orbital overlap.

Under these circumstances, the success with which EHT is able to
simulate changes in bond length within tetrahedral oxyanions is not so
much a function of the classical (Pauling) covalent character of the
bond, but of the overall size of the tetrahedral oxyanion itself. For
large 7047~ groups, like the zine tetrahedron in hemimorphite, orbital
overlap is little affected by changes in O—7—O angle, and in these
cases the observed bond-length distortions probably reflect the in-
fluence of other factors, perhaps electrostatic in nature, not modelled
in the EHT calculation.
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