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Measurements of diffraction intensities at elevated temperatures have been used to study the anisotro19y 
of the sodium atom in low albite. The new observations provide strong support for the interpretation 
of the observed anisotropy in terms of anisotropic thermal vibration of the atom. 

1. Introduction 

In both low albite and high albite the electron density 
distribution around the sodium atom is markedly aniso- 
tropic, the atom appearing to be elongated (Ferguson, 
Traill & Taylor, 1958; Ribbe, Ferguson & Taylor, 
1962; Ribbe, Ferguson, Traill & Taylor, 1963). In high 
albite the anisotropy is very large and probably cor- 
responds to the space-average of a multipartite struc- 
ture with faulted domains. In low albite the much 
smaller anisotropy is probably to be interpreted as the 
time-average of the anisotropic thermal vibration of 
the sodium atom, though the evidence is not sufficiently 
conclusive to rule out the possibility of a space average 
of the kind proposed for high albite (Ribbe, Megaw & 
Taylor, 1969). 

The most direct way of deciding whether the aniso- 
tropy of the sodium atom in low albite represents true 
anisotropic thermal vibration or a space average is to 
study the anisotropy over a wide range of temperature. 
For on any physically reasonable model of the variation 
of thermal vibration with temperature the amplitude of 
vibration must be reduced at lower temperatures, in- 
creased at higher temperatures. An earlier inconclusive 
study at - 180°C (Williams, 1961; Williams & Megaw, 

1964) was taken into account by Ribbe, Megaw & 
Taylor (1969) in their discussion of the anisotropy in 
low albite. The experiments now reported have given 
information about the anisotropy at 300 and 600°C, 
and when combined with a re-examination of the meas- 
urements of Williams (1961) leave little doubt that in 
low albite the observed anisotropy of the sodium atom 
represents true anisotropic thermal vibration. 

2. Experimental measurements 

A sample of low albite from the Schmirntal, Tyrol, was 
obtained from the Gasser collection in the Mineralogi- 
cal Museum of the University of Padua. 

Axial lengths and interaxial angles of the conven- 
tional base-centred unit cell (space group C1) were de- 
termined at 20, 300 and 600°C, using a precession cam- 
era calibrated with quartz and sodium chloride. They 
are listed in Table 1, together with the average expan- 
sion coefficient over the range 20-600 ° C for each of the 
axes a, b, c. 

The major axis of the elongated sodium atom lies 
very nearly in the plane (I00), so that a two-dimensional 
projection on this plane offers the simplest method of 
studying the variation of anisotropy with temperature. 
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Diffraction intensities for reflexions {Ok/} from a frag- 
ment 0.12 x 0.12 x 0.18 ram, elongated along a, were re- 
corded photographically for the sequence of tempera- 
tures, 20, 300, 600, 20 ° C. The normal multiple-film tech- 
nique was used with filtered Mo Kc~ radiation to obtain 
{Okl } reftexions on zero-layer photographs in a high-tem- 
perature integrating Weissenberg goniometer (Quareni, 
1969). To avoid the risk of contaminating the albite 
crystal through the use of a refractory cement in mount- 
ing, the crystal was sintered on the platinum-plati- 
num/rhodium thermocouple by heating for 20 minutes 
at 1000°C (Quareni, 1969); after this short period of 
heating the albite remains in the low-temperature form. 

In this way 153 measurable independent {Ok/} re- 
flexions were recorded at 200C, 133 at 300 ° and 117 at 
600 ° . The strong and medium intensities were measured 
on a flying-spot microdensitometer (Joyce-Loebl), the 
weak reflexions by visual comparison with a standard 
scale prepared in the usual way from the same crystal 
fragment. Intensities were corrected for Lorentz and 
polarization effects, but no absorption correction was 
required for this small crystal used with Mo Ka radia- 
tion. 

Structural computations were performed on the 
TITAN computer in the University Mathematical Labo- 
ratory, Cambridge, using programs written by Mrs J. 
C. Matthewman. Atomic scattering factors were com- 
puted for fully ionized atoms from the analytical ex- 
pression of Forsyth & Wells (1959), using their coeffi- 
cients for Na +, AP + and Si 4+ and coefficients given by 
Tokonami (1965) for 0 2-. Perfect A1,Si order was as- 
sumed, therefore all the AP + was allocated to site TI(0), 
the remaining T sites being occupied by Si 4+. 

3. Refinement of the structures 

The atomic coordinates for low albite obtained in the 
very accurate three-dimensional analysis of Ribbe, 
Megaw & Taylor (1969) were used as the starting point for 
the refinement of the structure derived from each set of 
experimental measurements, one at each of the four 
temperatures (20, 300, 600, 20 ° C) in the experiments 
described above. In the account which follows, atten- 
tion is directed explicitly to the treatment of the sodium 

atom, the refinement in regard to the other atoms fol- 
lowing the usual routine. 

The first stages of refinement were carried out by 
means of difference syntheses using a single Na + atom 
with isotropic temperature factor.To carry the refinement 
as far as possible, later stages were based on either the 
split-atom model or the anisotropic temperature factor 
model. 

In the first, the single Na + atom was replaced by two 
½Na + atoms, each with its own isotropic temperature fac- 
tor, separated by a suitable distance; least-squares re- 
finement was then carried out until no further improve- 
ment in the R factor was obtained. The vector separa- 
tion of the two half-atoms is then used as a measure of 
the anisotropy of the Na + atom [as in Williams & 
Megaw (1964) and in Ribbe, Megaw & Taylor (1969)], 
though it must be emphasized that this procedure car- 
ries no implication that the physical interpretation must 
be in terms of a space average. 

The second model retains the single Na + atom, but re- 
places the isotropic temperature factor by an anisotro- 
pic temperature factor. Again the least-squares refine- 
ment procedure was followed in order to obtain the 
best possible R factor. 

The results of the refinements are shown in Table 2, 
from which it is seen that the two models are about 
equally good if judged by the final R factor, as is also 
the case if difference syntheses are compared (Fig. 1). 
For any one of these structures, therefore, it would not 
be possible to assert that the anisotropic thermal vi- 
bration model is clearly distinguishable from the split- 
atom model, a result in line with Megaw's discussion 
in the Appendix to Ribbe, Megaw & Taylor (1969). 

The important result which follows from the figures 
in Table 2 is that anisotropy of the sodium atom, as 
seen in the [100] projection, increases at higher temper- 
atures, whether measured by the separation of the half- 
atoms in the split-atom model or by the root-mean- 
square component of the maximum displacement in 
the thermal vibration model. The conclusion to be 
drawn is that the anisotropy represents the time-average 
of a true anisotropic thermal vibration of the sodium 
atom within the cavity formed by adjacent oxygen at- 
oms, rather than a space-average due to the location of 

Table 1. Low albite, SchmirntaL Cell dimensions, expansion coefficients 

Temperature (°(2) 20 300 600 Error 

a (A) 8"142 8-187 8.22l + 0.006 
b (A) 12-780 12"797 12.841 +0"009 
c (.~) 7"158 7"160 7"166 +0"005 
a 94 ° 10' 93 ° 50' 93 ° 32' + 5' 
fl 116035 ' 116032 ' 116025 ' +5' 
7 87 ° 50" 87048 ' 87042 ' + 5" 

Expansion 
coefficient 

17 x 10-6 
8x 10 -6 
2 × 10 -6 

Notes. Estimated limits of error are quoted, not standard deviations. Expansion coefficients are average values over the range 
20-600°C. 
All measurements on the same material (Schmirntal). 
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sodium atoms at different points within that cavity in 
different unit cells. 

4. D i s c u s s i o n  o f  the s tructures  

Extreme care is necessary if reliable conclusions are to 
be drawn from two-dimensional studies of structures 
as complicated as the felspars. In this connexion the 
following points should be considered in their bearing 
on the interpretation of the figures in Table 2. 

(i) The experimental crystal, mounted by sintering 
(§ 2, above), remains in the low albite form. Direct con- 
firmation that (to the accuracy of this study) no changes 
in the structure are produced by sintering was obtained 
by structure refinements carried out with measurements 
of  {Ok/} intensities at 20°C before sintering and after 
sintering, using the split-atom model. The results are 
included in Table 2. 

(ii) For  the low albite (Schmirntal) used in these ex- 
periments four independent structure refinements at 
20°C are available (first and last in the temperature 
sequence 20, 300, 600, 20°C for one fragment, before 
and after sintering for the second fragment) and all lead 
to a separation 0.40 A between half-atoms in the split- 
atom model. This is significantly different from the sep- 
aration 0.364 A derived by Ribbe, Megaw & Taylor 

(1969, p. 1506) in their three-dimensional study of low 
albite from Ramona, also at 20°C (room temperature). 

The difference might reflect a real difference between 
the two materials, both low albites. To test this, the 
{Ok/} intensities extracted from the three-dimensional 
set for Ramona albite were refined by the same methods 
as in the present study with the result that the half-atom 
separation increased to 0.40 A as for the Schmirntal 
material (Table 2). It is not possible to see exactly how 
the (more accurately-determined) 0.364 A changes to 
the 0.40 A of the two-dimensional analysis, though it 
seems clear that the difference must arise from overlap 
in projection on (100) of electron density from other 
atoms or from unsuspected diffraction effects due to 
the use of incomplete sets of diffraction intensities. 

If, however, the anisotropic thermal vibration mod- 
els are compared similarly (Table 2), there is now a 
possibly-significant difference between the r.m.s, com- 
ponents of the maximum thermal displacements for 
Schmirntal (0.30 A) and Ramona when computed by 
the same methods from the two-dimensional data 
(0.27 A); moreover the latter value is identical (to the 
accuracy of the present study) with the r.m.s, value, 
0.26 A, from the three-dimensional study (Ribbe, 
Megaw & Taylor, 1969, footnote to their Table 4). It is 

Nal 
Na2 
Average s.d. (A) 
Separation (A) 
R (%) 

Nal 
Na2 
Average s.d. (A) 
Separation (A) 
R (%) 

Na 

Average s.d. (A) 
Displacement (A) 
R (%) 

Table 2. Low albite. Representation o f  the sodium atom 

Split-atom model 
(&) (&) 

y z y z 
20°C before 20°C after 

sintering sintering 

0"977 0"170 0"977 0"171 
0"999 0"128 0"001 0"130 

0.025 0.024 
0-40 (3) 0"40 (3) 
7"6 6"9 

($2) 
y z 

20°C 
0"977 0.168 
0"999 0.126 

0"015 
0-40 (2) 
6"8 

Split-atom model 

($2) ($2) (RMT, 1969) 
y z y z y z 

300 °C 600 °C 20 °C 
0"975 0"167 0"970 0"164 0"977 0"163 
0"002 0"124 0"003 0"125 0"001 0"125 

0.025 0.028 0.035 
0.46 (3) 0.50 (4) 0.40 (5) 
6.2 6.2 7.5 

Anisotropic thermal vibration model 

($2) (82) 
y z y z 

20 °C 300 °C 
0-9869 0"1484 0-9873 0"1495 

0-003 0.005 
0"30 (2) 0"37 (2) 
6"4 6"2 

($2) (RMT, 1969) 
y z y z 

600 °C 20 °C 
0.9866 0 .1440 0-9905 0.1430 

0.006 0.016 
0"40 (3) 0"27 (3) 
6"2 7-9 

(WM, 1964) 
y z 

-- 180°C 
0"985 0"161 
0"994 0" 132 

0.022 
0"22 (3) 
9-9 

(WM, 1964) 
y z 

-180°C 
0-9801 0"1455 

0.010 
0"15 (2) 
9"6 

Notes. (1) Atomic parameters y and z for the sodium atom Na, or half-atoms Nal and Na2, for Schmirntal first (SD and second 
($2) fragments, and for experimental measurements from Ribbe, Megaw & Taylor (1969) and Williams & Megaw 
(1964). 

(2) Average standard deviations of atomic coordinates (in A), separation between half atoms Nal, Na2 (in A) and r.m.s. 
component of the maximum thermal displacement of the Na atom on the [100] projection (in A).. 

(3) For Separation (in split atom model) or Displacement (in anisotropic thermal vibration model), figures in brackets are 
standard deviations and refer to the last decimal place. 
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possible, though not certain, that this difference in be- 
haviour, when the same two-dimensional sets of inten- 
sities are subjected to the same computational proce- 
dures, directly reflects the physical superiority of the 
anisotropic thermal vibration model of the sodium 
atom in low albites. 

(iii) Comparison of the results obtained in the pre- 
sent high-temperature study with those obtained by 
Williams (1961) and Williams & Megaw (1964) in their 
low-temperature examination of (Ramona) low albite is 
very instructive. Their refinement of the [100] projection 
at - 180 ° C, using a split-atom model, was terminated at 
R = 11.1% when the separation of the ½Na atoms was 
0.27/~, already much smaller than the split-atom sepa- 
ration at 20°C (0.36-0.40 ~). The application to their 
measurements of the least-squares refinement proce- 
dure used in the high-temperature study reduced the R 
factor to 9.9%, with reduction in the split-atom separa, 
tion to 0.22 A (Table 2). The same refinement proce- 
dures, applied to the same measurements, but using the 
anisotropic thermal vibration model, gave a slightly 
better R factor, 9.6%, and r.m.s, maximum thermal dis- 
placement 0.15/~. 

The low-temperature measurements thus provide 
strong support for the conclusion drawn (§ 3) from the 
high-temperature measurements - that the anisotropy 
of the sodium atom in low albite represents a true ani- 
sotropic thermal vibration of the atom within its cavity 
in the structure. 

5.Variation of isotropic temperature factor 

If it is assumed that the variation with temperature of 
the isotropic temperature factor B for each kind of atom 
in albite is linear, as in simple structures under certain 
conditions, values of B measured at different tempera- 
tures should extrapolate to B = 0 at T =  0 ° K. If at T =  0 
it is found that B > 0, it may be assumed that the 'effec- 

B(A) 

200 460 600 8;o 10"00 Tabs 

[ ]  Sodium 
@ Aluminium 
+ Silicon 
O Oxygen 

Fig. 2. Isotropic temperature factor B (/~k 2) v e r s u s  temperature 
(°K) for sodium, aluminium, silicon and oxygen atoms. 

. .  - , . , - - -  
. / /  

/ . f 

• \ ~.~-.:..._ -.~. lj i// 

,~ ~ [ . i  i / t~,. 

,",~'.,,k'",.',"..~ , '  ' . "  , ' ,  f _  / 

,'~',-:-_-.-';-;,,'I , , . -  / i , ~ 

- - - - - , , .  - - ._,  i l l /  "-.~- __:%/ 

• ~ Y 

(a) (b) (c) 

Fig. 1. The anisotropy of the sodium atom at 20 °C, shown in difference maps (0o-0c) in [100] projection. (a) Single sodium atom, 
B~xa (isotropic)= 3.24/~tz. (b) Split-atom model, B,xax= 1.73, B~a:~= 2-12/~2 (both isotropic). (c) Anisotropic thermal vibration 
model ,822=62, ,833=217, ,823 = -65 (all x 10-4). 
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tive temperature factor' represents not only true ther- 
mal vibration but also some spread in position of the 
atom due to spatial disorder. 

Table 3 lists isotropic B values determined in the 
course of the refinement procedure for the measure- 
ments on Schmirntal albite at 20, 300 and 600 ° C, and 
on Ramona albite at - 1 8 0 ° C  (Williams, 1961). When 
plotted against absolute temperature (Fig. 2) it is seen 
that for each kind of atom the B - T  variation is very 
closely linear in the range - 1 8 0  to 300°C, so that ex- 
trapolation to T =  0 is justified. For sodium, aluminium 
and silicon atoms the extrapolation gives values of B 
very close to 0, whereas for oxygen atoms (at T=0)  
B > 0 .  

Table 3. Low albite. Isotropic temperature factors B (•2) 

(WM, 1964) ($2) ($2) ($2) 
- 180°C 20°C 300°C 600°C 

Na 1"0 (3) 3.2 (1) 5"6 (1) 6.7 (2) 
A1 0.15 (6) 0.72 (6) 1.04 (9) 1-1 (1) 
Si (average) 0.18 (6) 0.63 (4) 0.94 (6) 1.20 (8) 
O (average) 0.38 (6) 1.01 (6) 1-65 (7) 2.0 (1) 

Notes. Standard deviations are in brackets and refer to the 
last figure given. 
Measurements on Schmirntal second fragment ($2) and 
from Williams & Megaw (1964). 

The difference between Na, A1 and Si on the one 
hand, and O on the other, may be taken as evidence in 
support of a model in which the position of the Na atom 
is as clearly defined as are the positions of A1 and Si 
atoms at the centres of their tetrahedral groups. Its 
large anisotropy is then due to anisotropic thermal vi- 
bration, not to positional disorder. By contrast, the O 

6. Conclusion 

Measurements of diffraction intensities from low albite 
at 300 and 600°C have been used to study the aniso- 
tropy of the sodium atom as seen in [100] projection. 
Comparison with previous studies at room temperature 
and at - 1 8 0 ° C  provides strong support for the view 
that the observed anisotropy represents a true aniso- 
tropic thermal vibration of the sodium atom. 

We are indebted to Mrs K. M. Hall for assistance 
with the interpretation of these measurements and to 
Mrs J. C. Matthewman for help with the computing, 
which was carried out on TITAN in the Mathematical 
Laboratory, Cambridge. This research forms part of a 
project supported by generous grants from D.S.I.R. 
and (more recently) N.E.R.C. One of us (S.Q.) is in- 
debted to the Italian C.N.R. for the award of a 
N.A.T.O. Fellowship in 1964. 
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Hippuric acid, C6H5. CO. NH. CH2. COOH, crystallizes with four molecules in an orthorhombic unit 
cell with a=  8.874, b= 10-577, c= 9.117 A, space group P212121. The structure has been determined by 
direct methods and refined by full-matrix least-squares computations. The final R value is 5.8%. The 
benzene ring, the peptide part and the carboxylic group are planar and twisted with respect to each 
other. The molecules are held together in three dimensions by one O - H . . . O  and one N - H - . . O  
hydrogen bond to the peptide oxygen atom. 

Introduction 

Hippuric acid 
o 

NH-CH2 

is formed in mammals when benzoic acid is detoxi- 
cated by conjugation with glycine. It is excreted in 
urine and constitutes about a half per cent of the nitro- 
gen excretion in man. The crystallographic and optical 
data of hippuric acid have been given by Ringertz 
(1969). 
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