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Second Review of A1-O and Si~O Tetrahedral Distances
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In the same tetrahedron, individual Si—O (or Al-O) distances have been found to vary by amounts
up to 0-1 A even when the random experimental error is less than 0-01 A. In a single structure the
differences between the mean values of the four distances in a tetrahedron are much smaller, for
variations between chemically identical tetrahedra rarely amount to more than 0-02 A. The average
of all the Si-O distances in a structure depends on the extent of the tetrahedral linkage, changing
from 1-61 A in frameworks to 1:63 A in structures with isolated tetrahedra. Correspondingly, the
average Al-O distance changes from 175 to 1-80 A, the latter figure requiring confirmation. The
mean tetrahedral distance in a feldspar structure varies linearly with percentage Al from 1-61 for
Si-O to 1-75 A for Al-O. Individual tetrahedral means for ordered structures confirm these end
values. The deviations from linearity are not greater than 0-003 A and may merely result from
random experimental error. Mean values for other framework structures deviate from the linear
relation by about 0-01 A. The less accurate data for layer silicates suggest a linear relation for the
overall mean Si, Al-O distance between Si-O 1-62 and Al-O 1.77 A.

Estimation of the Al-content of an individual tetrahedron from the measured Si, AI-O distances
must take into account the effects of structural type and of local environment of the tetrahedron.
Even after correction for the structural type, it seems that the local environment may lead to errors
of +59 Al (in round figures) in addition to the effect of experimental error.

It is hoped that further studies along these lines may lead to empirical relations between bond
distances and atomic environment for complex structures, and ultimately to estimation of the
internal energy from observed atomic coordinates.

1. Introduction

In 1954 J.V.Smith examined measured Si, A1-O
distances and suggested standard values for estimating
the substitution of aluminum and silicon atoms in

tetrahedra. The available data were mainly of low
accuracy and the predicted values (Si-O, 1-60; Al-O,
1-78 A) were somewhat uncertain. Nevertheless, these
values have been used considerably in discussion of
feldspar structures, sometimes without full awareness
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of the possible uncertainties. Since the advent of
electronic computers, refinement of atomic coordinates
has become more sophisticated, and better values of
Si, Al-O distances are now available. In 1954, errors
were usually so large that it was not necessary to
ascribe variation of distances to factors other than
that of chemical content; the only data of high
reliability (those for high sanidine, Cole, Sérum &
Kennard (1949)) gave individual Si, AlI-O distances
that varied only over 0-007 A. However, recent values
for Si-O bonds have varied by as much as 0-1 A
even when the standard deviation was less than 0-01 A,
demonstrating that the Si-O bond is affected by
factors other than atomic substitution. At the Fifth
International Congress of Crystallography, it was
reported that the overall mean Si-O distance appeared
to increase from 1-61 A in a framework silicate to
1-63 A for a silicate with isolated tetrahedra.

At the University of Wisconsin, S. W. Bailey was
finding that the Si, Al-O distances in layer silicates
appeared to be about 0-01 A higher than in feldspars
for the same Si: Al ratio. At the same time, Megaw,
Kempster & Radoslovich (1962) were finding that the
Si—0 or Al-O distances in anorthite increased by about
0:05 A as the oxygen atoms were attached to 0, 1
or 2 calcium atoms. Several other scientists (especially
Prof. M. J. Buerger and C. W. Burnham at the Mas-
sachusetts Imstitute of Technology and Dr G.V.
Gibbs at the Pennsylvania State University) were
finding similar variations in Si-O distances as a result
of secondary coordination. Thus there was a growing
feeling that a careful re-examination of the factors
that control interatomic distances was needed. Rather
than publish separate accounts of our work, we have
integrated our results so that the reader’s task will
be simplified. As our work is based so much on the
thoughts and measurements of others, we wish to
draw especial attention to the acknowledgements to
them at the end of this paper.

Extensive discussion in the scientific literature has
shown that error in interatomic distances arises from
several factors, including inaccuracy of the cell
dimensions, error of intensity measurements and
incomplete refinement of the atomic coordinates.
The latter factor, which arises from incorrect signs
for the weaker terms in the Fourier series, and from
overlapping of electron density from adjacent atoms,
gives errors whose direction and magnitude cannot
be calculated: such errors are especially serious for
atomic coordinates determined by two-dimensional
(2D) methods where overlapping of peaks is common,
and are insignificant in structures determined by
three-dimensional (3D) methods in which many cycles
of refinement have been made. In addition, intensity
errors have less proportional effect in 3D refinement
and, consequently, reliance will be placed wherever
possible on the latter type of result.

In order to discover the effect of Si, Al substitution
or of complexity of tetrahedral linkage, it is best to

SECOND REVIEW OF AI-O AND 8i-O TETRAHEDRAL DISTANCES

average the individual distances over the appropriate
structural unit so that factors that affect only in-
dividual distances have reduced effects. The relation
between error of an individual value and error of a
mean value, either for the whole structure or for a
single tetrahedron, is quite complex. If the four Si-O
distances in a tetrahedron are all unrelated by sym-
metry, error in the fractional coordinates of a silicon
atom has no significant effect on the mean of the
four Si-O distances. This arises because displacement
of the silicon atom towards one oxygen atom is
compensated by lengthening of bonds to the other
oxygen atoms. When oxygen atoms are each joined
to two silicon atoms, errors in the fractional coor-
dinates do not have full effect on the overall mean
Si-O distances. If all Si-O-Si bond angles were 180°,
errors in the position of the oxygen atoms would have
no significant effect on the mean Si-O distance.
As the angle deviates from 180°, the effect increases
continuously until a maximum is reached at zero
degrees which corresponds to an isolated tetrahedron.
In silicates, the Si-O-Si bond angles lie between
120° and 180° with a mean value near 140° (Liebau,
1961c): consequently the overall mean distance in
framework structures is affected only slightly by
errors in the fractional coordinates of the silicon and
oxygen atoms.

Errors in interaxial angles directly affect individual
Si-O distances, but have no significant effect on mean
values taken for Si-O distances isotropically distrib-
uted. Errors in the cell edges have serious effects both
on individual and mean Si-O distances, especially if
the measured cell edges are all too large or too small.
Some of the cell dimensions for silicates studied by
3D methods were determined by forward-reflection
techniques. These may be in error by 0-5%, and all
three dimensions are likely to be affected in the same
direction. Consequently a systematic error as large
as 001 A might occur for Si—O distances determined
by this type of method, though a smaller value is
more likely. Dimensions for other silicates, whose
atomic coordinates were determined by 8D methods,
were estimated with an accuracy of 0-1% or better,
thus giving a negligible maximum error of 0-002 A
from this cause.

Although pictorial display of data has been made
as comprehensive as possible, and the tables contain
the essential data for all the relevant structures
determined by 3D methods, and for some of the more
accurate of the structures studied by 2D techniques,
it has not been feasible to include all the data necessary
for evaluation of error. However, it is felt that any
reader who wishes to examine with full rigour the
validity of the present arguments should examine
the original references anyway: as a help, a few notes
on individual structure determinations have been
included to deal with the more important points not
suitable for tabular presentation.
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a) Data based on three-dimensional reflnement
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Table 1. Si-O and Al-O Tetrahedral distances

Formula

afwillite

albite (low)

andalusite

anorthite
(primitive)

beni toite

coesite

cordlerite

cummington tek

danburite

dickite

glsmondlne

grossular

gruner [ tek

hexagonal form

kyanite

microcline
{intermediate)

microcline
{maximum)
(Pellotsaloy

mlcrocline
(maximum)
(Pontlskaik)

muscovi te
narsarsuki te

natrolite

nepheline

octa methyl cyclo-
tetrasl|oxane

octa methyl si1-
sesquioxane

proto-amphibole

pyrope
quartz {low)

do.

reedmergner | tex
sanidine
sillimanite
spurrite
thortveltite

tourmaline

yoderite

xanthophy]11te

EaJ (si 030")22}!20

IHMSI}BB

Al,S10g

CaAlzsizuB

BaTlSI309

SIOZ

I:leSlzl)B
AL (51,03 (0n),,

ca(al st zns)lmz°

CIAIZSIZOS
”1""5

(x,N-)Msr’o's

f

H.ZAIZSIJOI 0”20

m‘]“‘o“‘o“]é

(s10,(CHy),),,
(sio; sty
3

HQ’AIZSIJDH

§i0,
do,

HaBS1 305
(K,Ho)ATS1,0g
Al,Si0g
Cag(510,),005
5c,51,0;
h

Haghls.3fe, 59,251
20820

Standard Hean for
sl, Al-0 Distances Deviation Tetrahedron
si-0: 1.57 1.58 1.60 0.037

1.61 1.6l 1.61

S1-0H: 1.65 1.71

1.730 1.745 1.751 1.751 0.0 1,784
1.601 1.604 1.612 1.623  approx. 1.610
1.592. 1.614 1.621 1.635 1.616
1.585 1.602 i.620 1.643 1.613
1.615 1.631 twice 1.635 0.005 1.628
1,559 1.601 1.603 1.646  0.004 1.602
1.571 1.617 1.618 1.626 1.608
1.566 1.606 1.617 1.652 1.610
1.575 1.589 1.641 1.647 1.613
1.589 1.611 1.624 1.629 1.613
1.585 1.599 1.620 1.661 1.616
1.600 1.623 1.637 1.643 1.626
1.622 4,628 1.629 1.634 1.628
1,695 1.755 1.757 1.757 1.741
1706 1.77 1754 1.769 1,764
1.708 1,733 1.747 1.79 1.746
1.723 1.730 1.749 1.784 1746
1,723 1.735 1.754 1.794 1.752
1.696 1.738 1.780 1.792 1.752
1,692 1.745 1.782 1.792 1.753
1,701 1.755 1.755 1.820 1.758
1.605 twice 1.630 1.648 0,003 1,622
1.593 1.605 1.616 1.64] 0.008 1.614
1.589 1.610 1.618 ].629 1.612
1.573 1.602 1.615 twlce  0.005 1.601
1.606 .1.620 1.628 twice 1.620
1.627 four  times 1.627
1.700 1.718 1.764 twice 1.736
1,747 twice 1.767 twice 1.757
1.616 1.617 1.617 1.635  o0.01, 1.622
1.613 1.626 1.646 1.646 approxe 1.633
1,612 1.617 1.621 1.625 0,010 1,619
L61a* 1,615 1.637, 1.642  0.017 1.627
1.606 1.614 1.617%.1.617 1613
1.611 1,617 1.621 1.625  0.00% 1.619
1.611 1.6l 1.622 1.636 1.621
1.725 1.733 1734 1.735 1.732
1.725 1.732 1781 1.759 1.739
1,637 four times 0.006 1.637
1.597 1.62b 1.642 1.655  no 1.629
1.598 1.613 1.624 1.700  estipate 164
1.656 1.707 thrice 0.03 1.694
1.603 i.621 1.622 1.639 0.006 1.621
1.615 1.631 1.635 1.642 1.631
1.608 1.609 1.611 1.61k 0,009 1.610
1.607 1.615 1.616 1.618 1.614
1.643 1.6uk 1.646 1.647 1.645
1.697 1.698 1.698 1.700 1.698
1.57% 1614 1.621 1.633  0.006 1611
1,592 1.593 1.617 1.6k 1.612
1.592 1.608 1.628 1.629 1.61h
1.738 1,739 1,741 1.745 1.7%
1.593 1.598 1.615 1.638  0.016 Lelr
1.586 1.619 1.622 1.622 1.612
1,582 1.623 1.627 1.650 1.620
1,719 1.721 1.765 1.753 1.734
1.683 1.689 1.698 1.710] 0,023 1.695
1.582 1:596 1.623 1,648 1.612
1.601 1.614 1.626 1.639  0.006 1.620
1,622 twlce 1.629 twice 0.01 1.624
1.600 1.611 1.620 1,635 1.616
1722 1733 1761 1.772 1.747
1.64 1.64 thrice 0.03 1.64
1.665 1.670 1.680 1.685  approx. 1.676
1.665 1.675 1.635 1.700 1.684
1.790 1.775 thrice 1.78
1,65 1.65 1.65 1.66 0.018 1.65
1.603 1.604 1.615 1.620  0.025 1.610
1.605 1.616 1.619 1.630  0.01 1.618
1.600 1.611 1.633 1.654 1.624
1.639 four times 0,006 1.639
1,603 twice 1.611 twice  0.003 1.607
1.597 twice 1.617 twlce 0.003 1.607
1.589 1.600 1.602 1.621 0.0 1.603
1.576 1.620 1.627 1.630 1.613
1.609 1.614 1.618 1.650 1.623
1,643 1,643 1.645 1.647 0.008 1.6k
1.631 1.638 1.645 1.645  approx. 1.640°
1,565 1.629 1.633 twice  0.006 1.615
1.721 1.758 1.800 twice 1770
1.580 1.625 1.641 1.656  0.023 1.625
1.597 1.626 }.658 1.668 1.637
1.607 1.620 1,630 twice  0.015 1.622
1.603 1.606 1.635 1.639  0.005 1.621
1.627 1.639 1.639 1.647  0.004 1.638
1.582 1.639 1.639 1.664  approx. 1.631
1.710° 1,725 1.730 1754 0,014 1.730

Overall

Hean

1.646

1.628
1.681

1.622
1.613

1.673

1.627

1.619
1.620

1.678

1.637
1.631

1694
1.626

1.654

1.620
1.670

1.692

1.631

1.622

1.621
1.635

1730

Reference
Hegaw (1952)

Ribbe (1952)

preltminary values:
refinement not quite
complete

Burnham and Buerger (1961)

Kegaw, Kempster and
Radoslovich (1962)

Flscher (1961)

Zoltal and Buerger (1959)
Zoltal (1961}

Glbbs (1962b)

the third tetrahedron
Is only half as frequent
as the others

Ghose (1961): further
refinement, Flscher (1962)

Johansson (1959): partly 20

Newoham (1961)
values recalculated

Flscher (1962}

Abrahams and Geller (1958)

Ghose and Hellner (1959)

Takfucht ‘and Donnay (1959)

Burnham (19623)

Balley and Taylor (1955)
Brown and Bajley (1963a)
Finney and Balley

Radoslovich (1960)
Values recalculated

Peacor and Buerger (1962)
Heler (1960)

values recalculated

Hahn and Buerger {1955)
values glven to nearest
0.005

Steinfink, Post and
Fankuchen (1955)

Larsson (1960)
Gibbs (1962a)

GIbbs and Smith (1962)
Young and Post (1962)
smith and Alexander (1963)

Clark and Appleman (1960)

Cole, S¥rum and Kennard (1949)
new refinement by Ribbe (1962b)

Burnham (1962b)
Smith, Karle, Hauptman
and Karle (1960)

Crufckshank, Lyaton and Barclay
62

(1962)
Buerger, Burnham and Peacor (1962)

Fleet and Hegaw (1962)

Takéuchi and Sadanaga (1959)

803
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Table 1 (cont.)

b) Data based on two-dimensional reflnement

1.645 1.652 1.654 1.658
albite (high) NaAlsl30g 10633 1,636 1.641 1.646
1.635 11640 1.645 1.646
1.633 1.637 1.649 1.668
+
1 1 1.670 thrice 1.713]
amestee ! 1.670 thrice 13"
beta f Na,$1,0 1,507 1.6z 1.63 1.65
o fom s 1l52* 164 1065 1.65
celslan (8ag giKo_1g) 1617 1.637 1.640 1.645
(AI?':;SPilfl)os 1,633 1.633 1.640 1.651
<9072 1638 1.702 1.716 1,733
1703 1710 1722 1733
clino-enstatite Mgs1 o, 161 1.63 165 1.67
3 1558 162 170 1.7k
corundophy11ite k 1.636 1.640 1.685 1.7097
10639 1.662 1,682 1.709%
1,646 1.673 1,682 1.709%
1.652 1.676 1.693 1.710
Cr-chlorite i 1.616 1.637, 1.642 1.648"
1646 1.662° 1715 10717
cloptase Cug (810,g)6H,0 1.55  1.60 1.63 1.67
egyptian blue cacusi, 0o 1.59" 1.59 1.60 1.60
epidot Ca FeAl,S1,0, (OH) 159 1.66 twlce 1.70.
prote 2 2msTe 1.60 1,61 1.65 twlce
1.60 twice 1:63. 1,66
euclase Be, (01, (510,), 1.6 1.62 1.62 1.65
gillespite BaFe(s1,0, o) 156 159 159 et
harmotome Ba,Al Sl ,0,,12H,0 157 159 1.6 1.67
27232 .57 1 1.6z 1.6
1.59 159 1.62 1.7
155 .59 1.6z 1168
161 1.3 164 1.65
159 1.62 1.67 1.68
16l 16 165 1.67
IS8 162 1.6k L7k
Kaolinit, A1S1,0, (0K 1.610 1,625 1.629% 1.637,
e 251200 T3 1623 L€ 1l
keatite sio, 157 1.57 1.61 1.6
158 159 1.61 1.6l
orthoclas, Ky oNay 1)A1S1,0, 1.624 1.633 1.63% 1.639
© (.50, A1S1 0 1.650 1.651 1.651 1.654
talite LIAISLO 158 1.601 1.602% 1.605
pesstt “0 1.586 1,601 1.602" 1.620,
10588 1.597 1.627, 1.629
1597 1.627 1.629" 1.640
1707 1.707 1.733 1.733
pigeonl te n 155 159 1.62 1.6
158 1.63 1.63 1.68
prochlorite n 1.567, 1.609 1.674 1.682"
(monociinlc) 1676" 11706 1.760 1.762
sanbornj te Basi,0; 1.60" 1,64 1.65 1.68
vermicullte ° 1.630 1.633 1.638 1.669%
zircon 2rslo, 1.612 four times
2unylite Al (0H)gS1 0, 061 1.802 four times
4 Ao 5020 11638 four times
1.621 1.651 thrice
L1,51,0, 1.567 166 1.67 1.69
25 57t 1T 16 1§
# Threé-dimenslonal determlnations with celi dimensions determined by precesslon methods.

o

2 3 )
(M9 sgFe 43 (AL ggFe osMn (ST o) (Aly 0051y 000018(Ha 00,557
. 3 X .

(€2, 8gM3g, 1) Ay 5gFep 25M90,15T1 0, 02) (12, 96RT0. 0400127

a

(0,612, 05) (Lo, u8"%, 5251793021 5F2.097 1 (ha

©2).10%92,18%70.72) (1) .05P12.95%12.95)0) 0 (O1)y*
(Ha, 5Ty 750, 187, 17505, 07) (15,6811 40,0 (0,

x* = o

2. Variation of individual distances

Examination of Table 1 shows that there are varia-
tions up to 0-1 A between the four distances in the
same tetrahedron even when the random experimental
error is less than 0-01 A. A comprehensive evaluation
of possible factors will not be attempted here, but a
few illustrative examples will be presented. We are
indebted to the variously cited authors for pointing
out these effects, and recommend examination of the
individual publications for further details.

In proto-amphibole (Gibbs, 1962a,b), there are
three types of Si-O bonds in the double chains:

018 1.652 1,645 Ferguson, Traill and
o.01 <A Taylor (1958)
1641
1.647
0.025 1.681 1.681 Stefnfink and Bruntdn (1956)
7 1.60 1.608 Grund (1954)
1.615
0.012 1.635 1.676 Newnham and Megaw (1960}
1.639
1.712
1717
0.05 1.64 1.65 Morlimoto, Appleman and
1.66 Evans (1960)
0.016 1.667 1.675 stefnfink (1958)
1.673
1.677
1.683
0.02 1.636 1.660 Brown and Balley (1963b)
1,685
7 1.612 1.612 Helde ot al (1955)
0.04 1.595 1.595 Pabst (1959)
0.04 1.652 1.634 Ito, Morimoto and
1.627 Sadanaga (1954)
1.622
0.015 1.625 1.625 Mrose and Appleman (1962)
? 1.595 1.595 pabst (1943)
0.032 1.612 1.628 Sadanaga, Marumo and
1.612 Takéuchl (1961)
1.617
1.620
1.632
1,640
1.642
1.645
oo ] g Yalte.mpeckrattan. 1o
7 1.59 1.59% Shropshire, Keat and
1.597 Vaughan (1959)
0.0l 1.632 1.842 Jones and Taylor (1961)
1.651
0.01 1.599 1.631 Llebau (1961b)
1.602
1.610
1.623
1.720
0.05 1.612 1.62 Horfmoto, Appleman and
i.63 Evans (1960)
0,024 1.633 1.680 stelafink (1961)
1.762
? 1.642 1.642 Dbouglass (1958)
0,015 1.643 1.643 Mathieson (1958)
0.02 1.612 1.612 Krstanovic (1958)
0.016 1.802 1.674 Kanb (1960)
0.018 1.638
0.013, 0,007 1.
0.02 1.645 1.631 Liebau (1961a)
1.617

+ unshared oxygen in sheet structure

b (Mg 6gFe037Mp. 0307 (51:A1) g0y, (OM). AI/SI Tess then 1%
d (Feg 67490, 30", 0307 (51 +A1)g0p (OH),4 AL/ST Tess than 0.2%
(K0,30,06) Ty 63723, 120,069 57 11810 g0, 0) W)y (42 5gKo, 146%0.05) 1. 2275, 60%0.1875.10) 57 15,900 0,10 0. 5.
0.35%0.01%%0.60785"93 (15 4290, 557g 03) (575 8410, 16)%30.6F0. 530
300y g 0gFh.02) (511 ol 0,95)05 (OM)y

L P I CIVINI RN
B 63y g9, 00.56)5108 0 (4 gAYy e JFeT (ST, AL, g)0yg(0H), ¢

3
o (M85 36Fe0 ugt0,16) (12 7M1 280|001, (M0, 5

(@) to oxygen atoms linked to only one silicon atom,
(b) to oxygen atoms linked to two silicon atoms,
and belonging to a tetrahedron that shares two corners
with other tetrahedra, and (c) to oxygen atoms
like (b) but in tetrahedra sharing three corners. The
respective distances are (a) 1-600, 1-605, 1-611,
(b) 1-633, 1-654, (c) 1-615, 1-619, 1-630 A. Because
the standard error is 0-007 A, the differences between
the groups are highly significant.

In the polymorphs of Al:SiOs, there is considerable
variation of Si-O bond lengths, especially for sil-
limanite where Burnham (1962a, b) has found a spread
of 0-08 A in both the silicon and aluminum tetrahedra.
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In kyanite and andalusite (Burnham & Buerger, 1961)
the ranges are smaller, 0-036 and 0-020 A respectively.
Burnham & Buerger have shown that the linkage of
the aluminum polyhedra in andalusite imposes some
awkward geometrical problems, leading to drastic
shortening of shared edges, and it seems likely that
Burnham will find similar effects in his forthcoming
detailed analyses of kyanite and sillimanite.

In anorthite (Megaw, Kempster & Radoslovich,
1962) each oxygen atom in the ordered framework is
linked to one silicon and one aluminum atom: four
of these oxygen atoms are bonded to two calcium
atoms, twenty to only one calcium, and eight are not
bonded to any calcium. The mean Si-O distances for
zero, one and two calcium neighbours are 1-588, 1-622
and 1632 A respectively, while the corresponding
Al-O distances are 1-719, 1-755 and 1-779 A. Although
the average distances change regularly with linkage to
calcium atoms, the individual tetrahedral distances
of each group vary greatly: Si-O for 0 Ca neighbours,
1-566-1-623; 1 Ca, 1-589-1-661; 2 Ca, 1-618-1-647;
Al-O for 0 Ca neighbours, 1-695-1-723; 1 Ca, 1-708-
1-796; 2 Ca, 1-747-1-820 A. The differences between
the group means, however, are shown to be significant,
even allowing for this scatter within the groups.
This latter variation is much larger than that to be
expected from the random experimental error, since
the standard error of an individual distance is only
0-004 A. It seems that some additional factor or
factors other than number of neighbouring calcium
atoms affects the interatomic distances.

In the potassium feldspars, there is no corresponding
enlargement of the tetrahedral distance with increase
in number of external cation neighbours; in fact,
the reverse occurs. For example, in maximum miero-
cline which has been refined to the same degree as
anorthite (Brown & Bailey, 1963a) the Si-O distances
for 0, 1 and 2 potassium neighbours are 1-622, 1-609
and 1-592 A. In sodium feldspars (Ribbe, 1962a, b)
the variation is within the standard error.

Data are available for two types of sheet structure,
those in the clay minerals group consisting of super-
imposed tetrahedral and octahedral sheets, both
essentially planar, and those with corrugated tetra-
hedral sheets only, linked by medium-to-large cations
to give compositions A4, (Si20s),. In all of these
structures individual tetrahedra share three corners
with adjacent tetrahedra, the fourth apical oxygen
being free. It should be noted, however, that for some
of the corrugated sheet structures the apical oxygen
is shared with tetrahedra containing other than Si
cations, for example Li in LisSisOs and Li and Al in
petalite. These structures could be considered frame-
works from the point of view of the total tetrahedral
linkage.

Values in the literature indicate that the bond
from the tetrahedral cation to the apical unshared
oxygen may be either longer or shorter than the bonds

805

to the three basal shared oxygens. For example,
for 5 of the 15 compounds for which data are available
the apical bond is longer, in 5 it is shorter, and in 5
it is approximately the same length as the basal bonds.
For most of the corrugated Si2Os sheets the bond to
the apical oxygen is shorter than those to the basal
oxygens whereas for the planar Si2Os sheets the
reverse is usually true. With substitution of Al for Si
in the tetrahedra of the planar clay mineral sheets,
the bonds to the basal oxygens tend to increase in
length faster than the bond to the apical oxygen,
with the result that the basal bonds become longer
than the apical bond at Al-rich compositions. The
individual bond lengths, therefore, are affected not
only by the size of the tetrahedral cation but also
by the sheet configuration, the sheet charge, and the
size and charge of the octahedral and interlayer
cations. Because of the several variables affecting the
individual bonds, only the mean of all four 7-0O
bond lengths within a tetrahedron has been found to
give a smooth variation with tetrahedral composition.

It is obvious that the factors that control inter-
atomic distances are numerous, and that the effects
are complex: evaluation of these factors should prove
to be a profitable field of research.
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Fig. 1. Relation between the average of all the Si—O distances
in a structure and the ratio of oxygen to tetrahedrally
coordinated atoms. Only those oxygen atoms linked to
tetrahedrally coordinated atoms are counted; for afwillite
the hydroxyl group is counted as an oxygen atom. Si-O
distances for two siloxane compounds are arbitrarily
plotted on the diagram. The average of the Si-O distances
is weighted by the multiplicity if the symmetry repeats
some tetrahedra more than others. Data obtained by 3D
methods are shown by circles whose vertical diameters give
twice the standard error of an individual distanece divided
by the square root of the number of individually deter-
mined distances. The crosses denote data obtained by 2D
methods; estimates of accuracy, where available, are given
in Table 1. The structure of danburite was carried out by
a combination of 2D and 3D techniques.



806

3. Variation of the overall mean Si-O and Al-O
distances

(a) Effect of tetrahedral linkage

From the earliest days of silicate crystal chemistry,
attention has been focused on the nature of the Si-O
linkage (probably too much attention!) and it is
obvious to look for a correlation between the overall
mean Si-O distance and the extent of the tetrahedral
linkage. Fig. 1 shows the relationship, using the O/T
ratio as a measure of the linkage (where 7' is the
number of tetrahedrally coordinated atoms). For
framework structures, like quartz and coesite, the
ratio is 2, whereas in garnet, andalusite and other
structures with isolated tetrahedra the ratio is 4.
Although the data are not as extensive as might be
desired, there is certainly an increase in the Si-O
distance from the tektosilicates where Si-O is 1-61 A
to the meso-silicates where Si-O is near 1-63 A.
The line of best fit chosen visually is from 1-613 to
1-632 A, but there is no justification, at this time,
for claiming any significance for the third figure after
the decimal point. The errors shown on the diagram
were obtained by merely dividing the standard error
of an individual Si-O distance by the square root of
the number of independent distances. The reduction
of error of the mean because of oxygen atoms shared
by two silicon atoms has not been calculated, although
it is quite important in the structures with a low ratio
of O:7. The possible effect of error on the cell
dimensions has been shown in a qualitative way by
the use of broken circles for grunerite, cummingtonite
and reedmergnerite, whose cell dimensions were deter-
mined by precession techniques. The resulting error
in the Si-O distances might amount to 0-008 A
although it is likely to be smaller. Data obtained by
3D refinement are shown by complete circles, those
by 2D refinement by crosses and the value for dan-
burite by a broken circle to indicate partial 2D and
3D refinement. Chemical analyses of four of the
specimens indicate the possible substitution of Al for
Si — in grossular, cummingtonite and grunerite
(Table 1). The amount is too small to affect the bond
length significantly, but in tourmaline the amount
may be of importance. The tourmaline was unanalysed,
but analyses of similar material indicate that 0-16
out of the six Si atoms are replaced by Al. To cover
this substitution a reduction of the average 7-O
distance from 1-621 to 1-618 has been made in Fig. 1.
All the data obtained by 3D refinement fit within
two standard errors of the line drawn from 1:613 to
1-632 A, except for the mean value for kyanite which
lies within three standard errors (using the special
definition of error of the mean as given earlier in this
paragraph). There seems to be no reason to doubt
that there is a close relationship between the overall
mean Si—O distance and the O/T ratio, though it is,
of course, possible that fluctuations at least as large

SECOND REVIEW OF Al-O AND 8i-O TETRAHEDRAL DISTANCES

as 0-01 A from this relation might be masked by the
errors of the determination.

Evaluation of the effect of tetrahedral linkage on
the Al-O distance is difficult because of the scarcity
of the data. In the next section it will be shown that
the mean tetrahedral distance in feldspars may be
represented by a linear relation from Si-O 1-61 to
Al-O 1.75 A. This latter value is obtained by extra-
polation, but is confirmed by measured values for
individual tetrahedra in ordered structures. In the
following section it will be shown that the mean
tetrahedral distances in layer silicates may be repre-
sented by a linear relation from Si-O 162 A to
Al-O 1.77 A. In sillimanite there is an infinite band
of linked four-membered rings of tetrahedra, the
composition of which, SizAl20,0, is like that in layer
silicates formed from linked six-membered rings.
The mean value of 1-770 A (+0-007 for an individual
distance) obtained by Burnham (1962b) for the Al-O
distance is close to the extrapolated value for the
layer silicates. Zunyite has an isolated aluminum
tetrahedron with an Al-O distance of 1-802 A ( + 0-016,
all four distances in the tetrahedron being related by
symmetry). Thus it seems that there is a similar
increase in the Al-O distance from 1-75 A in frame-
works to an ill-defined value near 1-80 A in structures
with isolated tetrahedra. The increase (0-05 A) is
larger than that assigned to silicon tetrahedra (0-02 A),
and would be consistent with the lesser strength of
the tetrahedral bond and the greater charge of external
cations associated with the aluminum tetrahedra.

(b) Variation with chemical content

Because of the effect of structural linkage, it is
necessary to consider different structural types
separately in order to evaluate the effect of Si, Al
substitution on the interatomic distance. For each
structure an overall mean tetrahedral distance can
be calculated which is relatively unaffected by random
experimental error, and which is not dependent on
knowledge of ordering. By considering several struc-
tures with different Si: Al ratios it is possible to
determine the relation between the mean Si, Al-O
distance and the Si: Al ratio. The predicted end-
points for Si-O and AI-O distances can then be
compared with observed means for individual tetra-
hedra in ordered structures.

The data for feldspars are shown in Table 1 and
Fig. 2. The thirteen specimens range in tetrahedral
aluminum content from 0 to 509, and the overall
mean Si, AlI-O distance from 1-61 to 1-68 A with
maximum deviations from linearity of 0-003 A. These
deviations are remarkably small, indicating that the
overall mean distance represents the chemical com-
position very accurately. Extrapolation to pure
aluminum gives an Al-O value of 1:75 A. Several
structures are thought for a variety of reasons to be
either completely or almost completely ordered, and
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Fig. 2. Relation between overall mean 8i, Al-O distance and
Al-content for structures with the feldspar framework.
The vertical radii of the circles give a measure of the
random experimental error, and were obtained by dividing
the standard error of an individual distance by the square
root of the number of independently determined distances.
Because of the reduction of the error of the mean caused
by shared oxygen atoms (see text) the true error should be
smaller by a factor of 2 or 3. Because of the overlap of
values for 25% Al, only the mean and the spread of the
eight values for the sodium and potassium feldspars are
shown. The straight line was drawn arbitrarily between
8i—O 1:61 and A1-O 1-75 A, and has no statistical signif-
icance. In addition to the data listed in Table 1, the following
have been used to compile the diagram; high temperature
andesine from Linosa, Ang, incompletely refined by Kemp-
ster (1957), mean T-0, 1:660 A and ¢ 0-02 A; low temper-
ature oligoclase from Amelia County, Va., Ab,An,,Or,,
refined by 2D methods by Waring (1961), mean T-O,
1650 A and o less than 0-02 A; bytownite, Any,, refined
by 3D methods by Fleet (1962) following earlier work by
Chandrasekhar, mean 7-0, 1:674, and o 0-0065 A.

the observed tetrahedral distances may be used to
check the suggested Si-O and Al-O values. Some of
the mean distances in individual tetrahedra of these
structures are as follows:

Si-rich Al-rich
Mineral name tetrahedra  tetrahedra
Maximum microcline (Pellotsalo) 1-612 (3) 1-741 (1)
Maximum microcline (Pontiskalk) 1-614 (3) 1-734 (1)
Primitive anorthite 1-614 (8) 1-749 (8)
Low albite 1-613 (3) 1-744 (1)
Reedmergnerite 1-613 (3)

Other framework structures might be expected to
show similar bond distances:

Si-rich Al-rich
Mineral name tetrahedra  tetrahedra
Natrolite 1-620 (2) 1-747 (2)
Coesite 1-613 (2)
Quartz 1-607 (1)
Gismondine 1-620 (2) 1-785 (2)
Cordierite 1-616 (3) - 1-747 (2)

The bracket after the bond distance gives the
number of tetrahedra averaged. Only structures deter-
mined by three-dimensional methods are included.
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The individual values are consistent with those
obtained earlier from consideration of the overall mean
distances when account is taken of the random
experimental errors and the possibility of some small
residual disorder. The data for reedmergnerite, the
boron analogue of albite, have been used to anchor
the Si end of the graph in Fig. 2, but there is a possible
error here due to the uncertainty in the cell dimen-
sions. The points with the smallest standard errors in
Fig.2 are those for anorthite, bytownite, and the
mean of all SigAl structures. A straight line through
these three points extrapolates to Si-O 1:606 A and
A1-0 1757 A. When the values of individual tetra-
hedra are also considered, it seems best to use the
rounded-off values of Si-O 1-61 and Al-O 1-75 A,
for the time being, but further refinements of feldspar
structures may suggest slight modification of these
values.

Data are available for fifteen layer silicates, but the
accuracy is generally lower than in the frameworks.
Eight structures have been determined for which
there is no substitution of Al for Si. The mean Si-O
bond length is 1-616 A. Of these eight structures
four have been refined more completely than the
others. The mean Si-O bond length is 1-621 A for them
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2
0 170+ triclinic .
8 ! corundophyllite .~ amesite
:
= 2 My muscovite monoclinic prochlorite
=
g Cr-chlorite |
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mean of 4 structures
1+604 . H }
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Fig. 3. Relation between mean Si, A1-O distance and Al
content for sheet structures. The vertical radii of the circles
give a measure of the random experimental error, and were
obtained by dividing the standard error of an individual
distance by the square root of the number of independently
determined distances. There is uncertainty about the error
for several of the structures because refinement was carried
out by 2D methods in which overlap of peaks led to an
additional uncertainty of atomic positions. However the
reduction of error of the mean from the sharing of oxygens
should help to balance this possible effect. For four struc-
tures (dickite, kaolinite, petalite and Li,8i,0;) a vertical
line has been used to show the range of values: the circle
shows the data for dickite. The line from Si-O 1-62 to 1-77
has no statistical significance.
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(dickite, kaolinite, petalite, and Li2SisOs) and is
1-620 A for the structure done with the greatest
accuracy (dickite, ¢(Si-0) is 0-017 A). The mean bond
length for Si-O is therefore chosen as 162 A.

In Fig.3 the mean 7-O bond lengths averaged
over all tetrahedra in the unit cell are plotted against
the tetrahedral compositions given by chemical
analysis for seven additional layer silicates. These are,
in order of increasing Al-content: 2M; muscovite,
Cr-chlorite, vermiculite, triclinic corundophyllite,
monoclinic prochlorite, amesite and xzanthophyllite.
Most of the structures were determined by 2D methods
and the cell dimensions determined with only moderate
precision so that ¢(T-0) is 0-02 A or greater. For this
reason it is not possible to draw as good a line of fit
through the points as for the feldspars. The selected
line runs from 1-62+0-01 A at the Si end to 1-77 +
0-015 A at the Al end. This line is subject to change
as more structures are determined with greater
accuracy. The Si, AI-O value for vermiculite is
anomalous in that it is the only mean distance that
deviates appreciably from a linear variation of bond
length with tetrahedral composition. The amount of
departure is 0-025 A, or three times the standard
error of the mean calculated from the reported error
of an individual bond length.

In addition to the two broad classes of feldspars
and layer silicates, there are various miscellaneous
specimens to be considered, whose data are given in
Table 1 and Fig. 4. The distances for these structures

1-80
BoAl,0,
SiAl-O[ Y-Al garnet
e L sillimanite
(A) cordierite
zunyite
170~ Y

hexagonal
CaAl,Si, Og
. nepheline
gismondine
cordierite

euclase
danburite

X harmotome
=coesite and reedmergnerite
160 | ~quartz
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Fig. 4. Relation between Si, AI-O distance and Al content
for various structures. The sources of all data, except for
BaAl,0, and Y-Al garnet, are given in Table 1. A discussion
of the accuracy of the data is given in the text. The three
lines are, in order of increasing distance, suggested relations
for feldspar, sheet structures and structures with isolated
tetrahedra. Crosses and solid circles denote, respectively,
2D and 3D determinations. Squares show values for Al-
tetrahedra in structures that also contain Si-tetrahedra.
The size of the symbols has no significance concerning the
experimental error.
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are shown in relation to three lines running from
1-61 to 1-75 for feldspars, 1:62 to 1-77 for sheet
structures and 1-63 to 1-80 for structures with isolated
tetrahedra. The polymorphs of silica (quartz, coesite
and keatite) give values consistent with the 1-61 A
distance for Si-O in feldspar structures (the keatite
value, 1-594, is low, but the structure was determined
by 2D methods). Danburite, which has a framework
structure composed of alternating boron and silicon
tetrahedra, gives a value, 1-619, which is above the
value for the other framework structures, but not
significantly when the standard error of 0-01 for an
individual distance is considered. Euclase has a
curious structure in which each silicon tetrahedron
shares one corner with a BeO3(OH) tetrahedron, and a
second corner with two BeO3(OH) tetrahedra, to form
an infinite ribbon of composition [Bes(OH)s(SiO4)2]n.
If only Si and O atoms are used to obtain a 7'/O ratio,
the value of 3 is obtained : for all atoms, the ratio is 2-5.
The observed mean value of 1625 for Si-O with a
standard error of 0-015 for an individual distance is
consistent with either of the values of 1-62 and 1-615
previously found (Fig. 1) for structures with these
ratios. The overall mean value of 1-626 A for the
zeolite harmotome which has a probable Al/(Al4Si)
ratio of 0-25 is considerably lower than the value of
1-645 A found in feldspars with the same ratio.
However, the structure was determined by 2D methods,
and the chemical composition is uncertain. Zunyite
contains AlQ4 tetrahedra and SisO.¢ groups; un-
fortunately, the specimen used for the 2D X-ray
analysis was not chemically analysed and it is neces-
sary to use chemical analyses for five other specimens
to conclude that up to 0-4 of the Si atoms in the
SisO16 group may be replaced by Al. In Fig. 4 the
zunyite is plotted at the composition with maximum
Al substitution, and the arrow-head shows the position
for no substitution. Considering the standard error
of the analysis, and the type of structure, the data for
zunyite are consistent with the proposals made in
this paper whatever is the real chemical content.
In cordierite, pseudohexagonal rings of tetrahedra are
cross-linked by other tetrahedra to form a framework
structure and although the structure is not of the
feldspar type, the overall mean Si, Al-O distance,
1-673 A, deviates only 0-001 A from the line deter-
mined for feldspars in Fig. 2. There are five structures
to be considered, whose Al/Siratio is unity, The overall
mean value for sillimanite (also plotted on Fig. 1) fits
well with the line drawn for sheet structures. The
overall mean value of 1-678 A for the very accurate
data of the zeolite gismondine fits well with the value
of 168 A expected for an Si/Al ratio of unity. The
mean values for individual tetrahedra, 1-619, 1-621,
1732 and 1-739 fit only moderately well with the
values 1-61 and 1-75 proposed for a fully ordered
feldspar structure, but there might be some residual
disorder in gismondine. The other three materials,
nepheline, paracelsian and hexagonal CaAlsSi2Os,
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give values 1-690, 1-696 and 1-694 that are somewhat
higher than the value of 1-68 expected for feldspars.
It is possible that the distances arise from a genuine
structural effect, especially for hexagonal CaAl:SizOs,
which has a double-layer structure. However, para-
celsian was determined only by 2D methods and the
refinement of nepheline, although by 3D techniques,
was not complete. The mean distance for the ordered
tetrahedron in nepheline is 1-78 A, which is within
one standard error (0-03) of the value of 1-75 A
found in feldspars. A refinement by Hahn, now in
progress, should give data of considerable value in
checking the effects of tetrahedral environment on
tetrahedral distances. Two structures contain tetra-
hedra free of Si. Unfortunately the structure deter-
mination of BaAl,04 (Wallmark & Westgren, 1937)
is rather old, and although there are only a few
variable parameters, recent observations of a super-
structure (Hoppe & Schepers, 1960) cast doubt on the
significance of the observed Al-O distances. This
structure is now being re-investigated by J. V. Smith,
No details have become available since the publication
of the abstract (Prince, 1957) on a neutron diffraction
study of Y-Al garnet: the value of 1:77 A is lower
than that of 1-80 A in zunyite, equal to that of 1:770 A
for the Al-tetrahedron of sillimanite and greater than
the average value of 1-747 A for the two tetrahedra
in cordierite. The tetrahedra in these latter three
structures may contain some substituted Si atoms,
though the chance of this occurring in sillimanite and
zunyite must be rather small.

Although the values for the structures depicted in
Fig.4 are mostly reconcilable with the proposed
relations for feldspars (and related framework) struc-
tures, sheet (and related) structures and structures
with isolated tetrahedra, it is obvious that consider-
able work will be needed to clarify the true relations,
especially for the Al-tetrahedra.

4. Conclusion

Bond lengths in silicates depend on a very complex
system of interacting forces, too complicated to be
understood in detail by present chemical theory.
It is not reasonable to expect in the near future
mathematical solutions of the wave equations that
will permit calculations of interatomic distances and,
more important, thermodynamic functions such as the
internal energy. For the time being, an empirical
approach in which observed structural dimensions are
correlated with the chemical content and the crystal-
line architecture seems to be the most promising.
From such an empirical approach it should be possible
to identify those chemical and structural char-
acteristics that primarily determine the properties
of the crystal structure.

The present study, which is a modest attempt along
these lines, has revealed that the extent of tetrahedral
linkage has a significant effect on tetrahedral dis-
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tances. Continuation of this work (planned by J. V.
Smith), with electronic computers to search for
correlations between distances and selected structural
properties, should lead to the recognition of other
effects, such as those that might arise from external
cations and from shared polyhedral edges. (The
latter seems an especially good candidate, for Dr
G. V. Gibbs has pointed out that the number of
shared edges increases as the T-O ratio increases.)
The success of such studies will undoubtedly depend
on the increasing availability of accurately determined
crystal structures.

Both Dr C. W. Burnham and Dr K. Fischer have
pointed out the importance of using interatomic
distances corrected for temperature motion. As an
illustration, Dr Fischer has kindly provided the fol-
lowing data for benitoite:

1.605 1-630 1-648 uncorrected for vibration
1-610 1-634 1-652 O riding on Si
1-614 1-638 1:656 atoms vibrating independently

In this paper it has been necessary to use distances
uncorrected for vibration, because so many of the
data have been presented in this form. Fortunately
temperature motion does not vary very much over
the majority of silicates so that the correction tends
to be similar for the different substances. However
there are a few atoms, such as certain oxygen atoms
in nepheline and sillimanite, that appear to have
large thermal motions. Consequently, it will be neces-
sary to consider thermal motion in any evaluation of
interatomic distances of silicates that attempts to
reach a higher level of significance (say 0-001 A)
than the one described in this paper.

The original impetus for the present studies came
from a need for standard distances from which the
Al-content in Si, Al tetrahedra could be estimated
from the mean tetrahedral distance of a tetrahedron.
It is now clear that the relation between Si-O 1-60
and Al-O 1-78 A proposed in 1954 is considerably
in error. Because of the effect of structural linkage on
Si, Al-O distances, it is necessary to use a different
relation for each structural type. Even after making
allowance for structural linkage, it is still necessary
to take into account the effect of local environment
on the mean tetrahedral distance. The stronger the
tetrahedral bonds are in relation to the other bonds
of the structure, the less should be the effect of local
environment. Unfortunately it is not yet possible to
predict the effect of local environment on tetrahedral
distances, and its effect can only be taken account
of by assuming a random error in the estimation of
Al content in Si, Al tetrahedra. Study of the data in
Table 1 suggests that the use of the mean of the four
tetrahedral distances greatly reduces the effect of
local environment (see, for example, the data for
anorthite and kyanite). Nevertheless it seems prudent
to assume that local structural environment may
affect the mean distance in feldspars by 0-01 A and
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in structures with more pronounced environmental
effects by somewhat larger values. In summary,
it appears that after correction for structural type,
the estimation of Al content of individual tetrahedra
from interatomic distances may have an error due to
environmental factors of +59 Al (in round figures)
in addition to the effect of experimental error. For
especially favourable structures, such as potassium
feldspars, the accuracy may be a little better than
this, whereas in others, like the sheet structures and
alumino-silicates, it may be worse.

In conclusion, we hope that this review will act
as an encouragement to the determination of accurate
bond lengths in many other silicate structures, and
we wish to express our appreciation to the following
scientists for their generous donation of both ideas
and data: Prof. M.J. Buerger, Dr C. W. Burnham
and Dr D. R. Peacor for extensive data and discussion
on alumino-silicates; Drs Joan Clark and D. E.
Appleman for data on reedmergnerite and for con-
structive criticism which has led to a more cautious
estimate of accuracy; Dr K. Fischer for extensive
data on benitoite and several zeolites; Dr H. D.
Megaw for discussion and careful criticism and for
data on anorthite; Drs C. W. Burnham and K. Fischer
for pointing out the importance of atomic vibration
on the measured bond distances; Dr G. V. Gibbs for
discussion of the effects of shared polyhedral edges;
and to Drs S. Ghose, G. V. Gibbs, J.B. Jones and
W. H. Taylor, S. G. Fleet, E. W. Radoslovich, P. H.
Ribbe, R. A. Young and B. Post, and Y. Takéuchi
for providing data prior to publication. Drs I. R.
Kirstanovie, H. Steinfink and T. Zoltai kindly provided
further data about their published work. The contribu-
tion of J.V.Smith was supported by the National
Science Foundation grant (14467, and that of S. W.
Bailey by the Petroleum Research Fund administered
by the American Chemical Society.
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The Crystal Structure of Acenaphthenequinone

By T. C. W. Mak anp J. TROTTER
Department of Chemistry, The University of British Columbia, Vancouver, Canada

(Received 26 July 1962 and in revised form 26 November 1962)

The crystal structure of acenaphthenequinone has been determined by two-dimensional Fourier
methods. There are four molecules in the orthorhombic unit cell, which has dimensions

a=17-81, b=27-0, c=3-851 A .

The space group is P2,2,2,. The molecule is planar, and the molecular dimensions and intermolecular

distances are normal for this type of structure.

Introduction

Study of the crystal structure of acenaphthenequinone
was undertaken as part of an investigation of a series
of acenaphthene derivatives.

Experimental

A crystalline sample of acenaphthenequinone was
kindly made available to us by Mr I. G. Csizmadia
and Dr L. D. Hayward. It consisted of orange-yellow
needles elongated along the c-axis, with the (010)
face well developed. The cell dimensions were deter-
mined from Weissenberg and precession photographs
of a crystal mounted about the c-axis. The density
was measured by flotation in aqueous potassium

iodide.

Crystal data

Acenaphthenequinone (1,2-acenaphthenedione),
Ci1oH6(CO)2; M =182-2; m.p. 273-274 °C.

Orthorhombie, a=7-81 +0-01, 6=27-0 + 0-05,
¢=3-851+0-005 A.

Volume of the unit cell=812 As.

Density, calculated (with Z=4)=1-49, measured=
1-48 g.cm—3,

Absorption coefficients for X-rays, A=1-5418 &, u=
9-83 cm-1; 1=0-7107 A, u=1-24 cm1.

Total number of electrons per unit cell=F(000)=376.

Absent spectra: A00 when % is odd, 040 when £ is odd,
007 when [ is odd.

Space group is P2:2:2:-D3}, as confirmed later in the
analysis.

For intensity purposes the h%O reflexions were
recorded on multiple-film Weissenberg photographs,
using unfiltered Cu K« radiation. The Okl data were
collected on precession films with related time ex-
posures, Mo K« radiation being used. The intensities
were estimated visually. The relative values of the
structure amplitudes were derived by applying the
usual Lorentz and polarization factors, the absolute
scale being established later by correlation with the
calculated structure factors.

Absorption correction was considered unnecessary
since the crystal used had a mean diameter of 0-06 mm.
152 independent hkQO reflexions were observed (ex-
cluding the 020 reflexion, which was cut off by the
beam trap), representing 549% of the total number
theoretically observable with Cu K« radiation. Only
33 Okl reflexions were recorded, representing about
209, of the total number observable.

Structure analysis

Space group P2;2:2; is non-centrosymmetric, but it
has centrosymmetric projections (plane group pgg)
in all three principal directions. The relations between
space group and our projection coordinates are those
formulated in Table 1.



