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Abstract

The structure of the mineral kernite has been reinvestigated, using a new set of accurate
X-ray diffractometer data. The conventional least-squares refinement leads to a final value of

R.(F) of 3.6 percent (R(F) = 3.4Vo). Determination of the net atomic charges with the

Extended L-shell (ELS) method gives partial positive charges for the sodium (0.4-0.5 units)
and boron (0.4-0,7 units) and negative charges (0.4-0.5 units) for the oxygen atoms. No dif-
ference in charge was detected between trigonal and tetrahedral boron and between bridging

and hydroxylic oxygen atoms,
The value of the least-squares scale factor is quite sensitive to the nature of the atomic scat-

tering factors used. The result of an experimental measurement of the scale factor shows that

the atomic densities in kernite are described better by contracted Slater-type orbitals than by

isolated atom Hartree-Fock orbitals.
Difference density maps based on high-order refinements (sin a/x > 0.6 A-') show more

density in the B-O than Na-O bonds, supporting the covalent nature of the bonds between

boron and oxygen atoms.

Introduction

The mineral kernite belongs to the sodium borate
series Na2O.2B2OB'aWO whose known members
are n = O, 1,2 (metakernite), 3 (kernite), 5 (tin-
calconite) and 10 (borax). The structure of borax
was solved by Morimoto (1956) and attempts have
been made to determine the structures of kernite and
tincalconite. Christ and Garrels (1959) suggested
that tincalconite contains the same (BrOr(OHu)-,

anion as borax, and that kernite consists of infinite
chains, and is therefore fundamentally different frorn
these borates. Other reports have also suggested
some sort of infinite chain polyanion in view of ker-
nite's fibro'us cleavage (Edwards and Ross, 1960;
Christ, 1960). An initial report of the correct struc-
ture was reported by Giese (1966) and an indepen-
dent determination was reported shortly thereafter
by Cialdi et al. (1967).

Although it is well known that X-ray diffraction ex-
periments determine the electron distribution rather
than the positions of the atoms in a crystal, it is only
with the recent availability of automatic diffractom-
eters and new data-processing techniques that elec-
tron-density studies have become feasible. fn an ear-
lier paper of this series the application of one-center
formalisms to some organic and inorganic molecules

was described (Coppens, Pautler and Griffin, l97l).

More sophisticated two-center formalisms, in which

the overlap density in the bonds is explicitly allowed

for, have been developed (Stewart, 1969; Coppens,

Willotrghby and Csonka, l97l), but they generally

require complementary information from neutron

diffraction to eliminate the correlation between ther-

mal motion and bonding anisotropy in the least-

squares refinement.
The one-center formalisms lead to a measurement

of net atomic charges, defined in terms of the ato'mic

wave functions used for the calculation of atomic

scattering factors. Since many calculations of bond-

ing energy in crystals are based on the ionic model

it is of interest to investigate to what extent the

charge distribution in a mineral actually conforms

to his model. The mineral kernite, NazB+Oo(OH)g'

3H2O was selected, because good crystals were avail-

able and because it contains no atoms heavier than

sodium. Thus, bonding effects will be less masked

by strong scattering from unperturbed inner elec-

tron shells. In addition, as earlier structure analyses
(Giese, 1966; Cialdi et al., 1967) have shown, the

mineral contains both trigonal and tetrahedral boron

atoms, as well as ring, hydroxyl and water oxygen

atoms. This variety of chemical bonding offers an
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excellent opportunity to study the effect of chemical
environment on the atomic charges in a crystal.

Experimental

Cell dimensions and data collection

Cell dimensions were determined by least squares from

the settings of 20 carefully centered high-order CuKa re-

flections. Crystallographic data are:

space grotp P21fc

a : 7,0172 + .0002A
b :9 .1582 + .0002
c : 1 5 . 6 7 7 4  + . 0 0 0 5

9 : 1 0 8 . 8 6 1  + . 0 0 2 '
z : 4
p : 2,746 cm-r for MoKa

A small fragment (.013 X .015 X .049") of a large
kernite crystal was used for a remeasurement of the diffrac-
tion data. The low impurity content was confirmed by a
microprobe analysis (done by Dr. W. Mclean at McGill
University). Two symmetry related sets of three-dimensional
intensities were collected on a Picker automatic dif-
fractometer using MoKa radiation and a 3-3.5o scan
length on 2e. The unweighted and weighted internal con-
sistencies on Fz (defined respectively as 2(FP - <F2>)/
ZFz and the corresponding weighted expression) were 2.9
percent and 2.2 percent respectively. Symmetry equivalent
reflections were averaged to a unique set of 3604 reflec-
tions [(sina/x)max - 0.72A-a], of which 2499 were larger
than three times the standard deviation. All the data were
corrected for absorption by Gaussian integration over the
volume of the crystal.
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Scale lactor

Since measurement of the absolute scale is highly de-

sirable in quantitative studies of electron density, an ex-

perimental scale factor was determined following a method

similar to that of Burbank (1965)' In order for the measure-

ment to be independent of the distribution of intensity

across the incident beam, a thin crystal larger than the

incident beam was used. Only the thickness of the crystal

plate enters the expression

E^a N'tr' , -," ( ,' \' to
L - ' - D

I ^  
-  

s in20 
t ' t  

\mc ' /  cos  (d  -  6 )

where the geometry is defined in Figure I and the symbols

have the following meaning:

E" is the total diffracted energy when the crystal passes

the reflection range with velocity o in radians/sec.

1, is the total energy in the direct beam per second

P is the polarization factor

N is the number of unit cells per unit volume

/, is the thickness of the crystal

F is the absolute structure amplitude in electron units

r is the X-ray wavelength and

sz/miz is the classical scattering amplitude of a point

electron.

Thus only the values of E", I" and r' need be measured to

calculate the absolute structure factor F. Carefully cali-

brated attenuators are needed for the measurement of the

direct beam intensity 1"' The use of monochromatized

radiation eliminates problems resulting from wavelength-

dependent absorption in the attenuators' The effect of ab-

sorption can be minimized for reflections with d* parallel

to the crystal slab by recording 1o with the crystal inter-

posed between the incident beam and counter in a non-

ieflecting position, but with the angle d-6 between the

face normal and the beam. A calculation showed that for

all reflections measured in this experiment absorption ef-

fects are within 0.05 percent of the intensity. The problem

of extinction in the crystal was avoided by examining re-

flections of only moderate intensity.

Frc. 1. Experimental arrangement for the scale factor Measurement of the thickness of the crystal proved quite

measuremenr. difficult. The most reproducible results were obtained by
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TSLE 2. FINAL X-UY ATWIC COOPINATES FOR THREE OF THE REFINffiNTS
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measuring the degree of absorption of TiKa X-rays passing

through the crystal. This result was confirmed by calculat-
ing r" from the measured surface area, weight and den-
sity of the specimen. Direct optical measurements of the
thickness ar€, in our experience, less reliable.

Table 3. Interatomic Distances (A) From The Conventional
Least Squares Refinement (A)

The energy of the direct beam and the integrated in-

tensity of 33 hkD and 0ft0 reflections were measured on a

crystal slab. A comparison of the values of the strucure

factor F with those of the complete data set yielded a

value of 1,231 -+- 0.015 for k, defined by F.r" = kFatsorute,

when the thickness from the Ti absorption (t. - 0.0121

cm) was used. The value obtained with the thickness

based on surfac€ area and weight (t" - 0,0130 cm) was

1.28 -+ 0.04. which is within the error limits of the first

result. The first value was adopted, as the underlying

thickness measurements were considered more reliable.

Conventional Least-Squares Refinemenf and

Discussion of the Structure

The original set of X-ray measurements (Giese,

1966) had been refined to R = 0.042 and the re-

finement provided positional parameters for all atoms

including hydrogens. These parameters were used as

input into a full matrix least-squares refinemgnt min-

imizing lwA'z where A = Fou"2 - Four.'. Reflections

which For,"' ( 3o(F"5"'z) only were included in the

refinement whenever F'"ur" ) 3o(Fo5u'z); in this case

the discrepancy A was taken as 3"(F"o"') - Fourot.t

1 A table listing the observed and calculated structure

amplitudes may be ordered as NAPS Document #01981
from Microfiche Publications, Division of Microfiche Sys-

tems Corporation, 305 East 46th Street, New York, N.Y.

10017. Please remit in advance $1.50 for microfiche or

$5.00 for photocopies, Please check the most recent issue

of this journal for the current address and price.
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TABLE 4 BOM NGITS (" ) FROM THE COWENTIONAL LMST SQUNS ruFINWENT (A)
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Extinction for kernite was quite small,and could be

adequately described by a single isotropic parameter

in the least squares refinement (Zachariasen,1967).

The number of reflections, number of parameters,

the parametey'reflection ratio and the R values for

a number of refinements are shown in Table 7. As

can be seen, the full-data conventional least squares

refi.nement (hereafter, called A) is overdetermined

by a factor of 13.3, and leads to a final R(F) of

0.034. The positional parameters are listed in Table

2; the bond distances and bond angles are shown in

Tables 3 and 4 respectively.

Kernite consists o,f infinite borate polyanion chains

of composition (B4O6(OH)z);"", two per unit cell,

parallel to the b-axis. One triangular BO2OH group

and two tetrahedral BOa groups share corner oxy-
gens to form six membered rings. Three rings form

the chains by sharing two corner oxygen atoms of

both tetrahedra in each rirtg. Figure 2 is a projection

onto ( 100) showing one of the chains. The thermal

motion is anisotropic but generally small (except for

the water molecules), as is often the case in mineral

structures. The thermal parameters are listed in Ta-

ble 5. The isotropic thermal parameters of H(7)

and H(8) are unusually large, but no obvious anom-

alies are observed in difference maps in which all

but these hydrogen atoms are subtracted.

The angles between the least squares planes of

two adjacent B-O rings are 93.4" and 80'0'. It is

of interest to note that the chains possess the pseudo-

symmetry 4r and 43 because of the closeness of these

angles to 90o.
The chains are linked together by hydrogen bonds

in the c-axis direction (Fig. 3) involving half of the

hydroxyl groups on the triangular boron atoms. The

remaining hydroxyl groups, pointing in the a-axis

direction, do not form hydrogen bonds. For example,

the 0(6)-0(5) distance equals 3.301 A, which is

longer than the usually observed 2.7-2.8 A oxygen-

oxygen distance associated with hydrogen bonding.

All other hydrogen atoms are involved in hydro-

gen bonding. An interesting ring of four hydrogen

bonds around.the center at the origin is formed by

the water molecules containing O(8) and O(11)

and their symmetry equivalents. The sequence in

this r ing is O( 1 1 )-H(8) -O(8)-H(7) -O'(  1 1 )-
H ' (8 ) -O ' (8 ) -H ' (7 ) -O(11) .  Kern i te  has '  two

perfect cleavages {(001) and (100)} and both of

these involve breaking of hydrogen bonds and so-

dium water-molecule bonds.

Frc. 2. Projecting of the structure on the 6c plane, show-

ing the infinite chains extending in the b direction.
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TABLE 5, FINAL THERMAL PAMMETERS (BlJ) FOR KERNITE*
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Re f, ine- R e f i n e -

m e n t
- 1 1 - 2 2 R' 2 3" 1 3

N a ( 1 )

N a  ( 2 )

o ( r )

o  ( 2 )

o ( 3 )

o ( 4 )

o ( 5 )

o ( 5 )

o ( 7 )

o ( 8 )

o ( 9 )

o ( 1 0 )

o ( r 1 )

B  ( I )

B  ( 2 )

B  ( 3 )

B ( 4 )

, 0 r r 8 0  ( 1 4 )

. 0 1 0 7  2  1 2 4

. 0 1 r . 0 3 ( r 1 )

. 0 1 4 0 9 ( 1 6 )

. 0 1 3 s 5  ( 3 0 )

. 0 t 3 2 3 ( 1 3 )

. 0 1 2 5 5  { 2 2 1

. 0 1 1 8 0 ( 3 s )

. 0 r l l s  ( 1 9 )

. 0 0 8 5 0  ( 2 0 )

. 0 0 7 7 1  ( 2 8 )

. 0 0 7 0 0  ( I 7 )

. 0 0 6 0 1 ( 1 9 )

. 0 0 4 9 8 ( 2 s )

. 0 0 4 4 5  ( 1 5 )

. 0 0 5 2 7 ( 1 8 )

. 0 0 4 0 5  ( 2 s )

. 0 0 3 5 9  ( 1 5 )

. 0 0 5 4 4 ( 2 0 )

.  o o 5 2  4  ( 2 7  )

. 0 0 4 9 4  ( 1 7 )

. 0 0 6 8 3 ( 2 2 )

. 0 0 5 2 8 ( 2 9 )

. 0 0 4 9 4 ( r 8 )

. 0 2 ' t 2 6  ( 3 6 )

. 0 2 s 2 6  ( 6 2 )

. 0 2 5 2 7  ( 2 9 )

. 0 1 8 5 4 ( 3 2 )

. 0 1 6 s 6  ( 4 8 )

. 0 1 6 6 s  ( 2 6 )

. 0 1 1 9 3 ( 2 3 )

. 0 1 1 0 3  ( 3 3 )

. 0 1 0 3 6  ( 1 9 )

. 0 1 3 6 0  ( 2 8 )

. 0 1 2 s 8 ( 4 0 )

. 0 1 1 6 4  ( 2 4 )

. 0 r 2 1 9 ( 2 8 )

. 0 r 1 4 6  ( 3 8 )

. 0 1 1 0 3  ( 2 4 )

. 0 0 8 4 9  ( 3 0 )

. 0 0 9 0 2  ( 3 9 )

. 0 0 7 0 7  ( 2 5 )

. 0 0 5 9 9  ( 2 7 )

. 0 0 s 3 4 ( 3 0 )

.  o o  4 5 r  ( 2 2 1

.  o o s 9 3  ( 2 7 )

. o o s 4 6  ( 3 3 )

.  oo45L (22)

. 0 0 s 6 3 ( 2 8 )

. 0 0 4 4 5  ( 3 3 )

.  o0  402 (22)

. 0 0 3 7 7 ( 6 )

. 0 0 3 s 4 ( 1 2 )

. 0 0 3 4 4  ( 5 )

, 0 0 s 0 t ( 8 )

. 0 0 4 7 1  ( 1 3 )

. 0 0 4 6 6  ( 6 )

. 0 0 2 2 0 ( 9 )

, 0 0 I s 5  (  1 3 )

. 0 0 r 3 3 ( 8 )

. 0 0 1 7 3 ( 9 )

. 0 0 1 2 s ( r 3 )

. 0 0 0 8 8 ( 7 )

. 0 0 3 0 8  (  I 0 )

. 0 0 2 4 6 ( 1 4 )

. 0 0 2 1 9  (  8  )

, 0 0 1 6  8  ( 9  )

. 0 0 r 1 6  ( 1 2 )

. 0 0 0 8 9 ( 7 )

. 0 0 3 0 1 ( 1 0 )

. 0 0 2 4 5  ( l s )

. 0 0 2 1 0  ( 9 )

. 0 0 s 0 2  ( 1 3 )

. 0 0 4 7 5  ( t 8 )

. 0 0 4 3 7  ( 1 2 )

. 0 0 3 5 9  ( 1 2 )

, 0 0 3 4 2 ( 1 6 )

. 0 0 2 7 5 ( r 0 )

. 0 0 6 5 9  ( 1 5 )

. 0 0 5 2 0  ( 2 1 )

. 0 0 6 0 4  ( 1 3 )

. 0 0 2 2 9  ( L O )

. 0 0 1 7 4 ( r 3 )

. 0 0 1 4 3 ( 8 )

. 0 0 7 9 5  ( 1 5 )

. 0 0 7 0 8  ( 2 2 1

. 0 0 7 0 1  ( 1 3 )

. 0 0 6 r 5  ( r 3 )

. 0 0 5 3 5 ( 1 9 )

. 0 0 s 1 9  ( r r )

. 0 0 2 9 0  ( 1 5 )

,  0 0 2 0 9  ( 1 7  )

. o o 2 o 2  ( 1 2 l

. 0 0 t 9 2 ( 1 3 )

. 0 0 1 4 5  ( 1 s )

. 0 0 1 I 1  (  1 0  )

. 0 0 2 0 1  ( 1 3 )

. 0 0 1 2 7  ( r s )

. 0 0 1 1 1  ( 1 0 )

. 0 0 3 ? 0  ( 1 5 )

. 0 0 3 I s  (  1 8 )

.40278 ( r2 ' )

. 0 0 2 5 1  ( 3 )

. 0 0 2 2 8  ( 5 )

. 0 0 2 3 4  ( 2 )

. 0 0 3 0 9  ( 3 )

. 0 0 2 8 4 ( 6 )

. 0 0 2 9 0  ( 3 )

, 0 0 1 0 r  (  4  )

. 0 0 0 8 4  ( 6 )

. 0 0 0 7 0  ( 3 )

. 0 0 1 0 4  ( 4 )

. 0 0 0 7 9  ( s )

, 0 0 0 7 2  ( 3 )

. 0 0 2 1 s ( 4 )

. 0 0 1 9 9  ( 6 )

. 0 0 1 8 3 ( 4 )

. 0 0 I 3 4 ( 4 )

. 0 0 1 r 0  ( 5 )

. 0 0 1 0 2  ( 3 )

. 0 0 2 4 8 ( 5 )

. 0 0 2 2 9  ( 7 \

. 0 0 2 l s  ( 4 )

. 0 0 4 3 2  ( 6 )

. 0 0 4 0 8 ( 1 0 )

. 0 0 3 9 2  ( s  )

. 0 0 r 1 9 ( 4 )

. 0 0 0 8 8  ( 6 )

, 0 0 0 8 5  ( 4 )

. 0 0 2 5 5  ( 6  )

, 0 0 2 3 0  ( 8 )

. 0 0 2 2 6  ( 5 )

. 0 0 1 0 8  ( 4 )

. 0 0 0 8 9  ( s )

. 0 0 0 7 8 ( 3 )

. 0 0 1 9 7  ( 5 )

. 0 0 1 7 9  ( 7 )

. 0 0 r 5 6  ( 4 )

. 0 0 1 9 4  ( s  )

. 0 0 1 7 0  ( 7 )

. 0 0 1 5 0  ( 4 )

. 0 0 1 2 3 ( 6 )

. 0 0 r 0 3 ( 7 )

. 0 0 0 9 r ( s )

. 0 0 1 1 3  ( s )

. 0 0 0 9 4  ( 6 )

, 0 0 0 8 6 ( 4 )

. 0 0 1 1 6  ( 5 )

.  ooo85 (6 )

,  ooos  5  (4 )

. 0 0 r 7 7  ( 5 )

. 0 0 1 7 7 ( 8 )

. 0 0 1 4 6  ( s )

3 . 9  ( s )

3 . 9  ( s )

0 , 6 ( 6 )

4 . 3 ( 6 )

4 . 3 ( 6 )

0 . 0 ( 6 )

4 . 5 ( 6 )

4  .6  (6 ' , )

r . . 9  ( 7 )

3 . 3  ( s )

3 . 3 ( s )

1 . 8  ( 6 )

s . 4 ( 6 )

s . 4 ( 6 )

2 , ! ( ' 7 )

3 . 3 ( s )

3 . 3 ( s )

2 . 1 ( 6 )

1 2 . 6  l r . 2 l

1 2 . 6  l r . 2 )

1 1 . 0 ( 1 . 7 )
' 1  

. 9  ( 8 )

7 . 9 ( 8 )

6 . r ( 1 . r )

. 0 0 0 3 7  ( 7 )

. 0 0 0 4 3 ( 1 0 )

. 0 0 0 3 5 ( 6 )

- . 0 0 0 4 7 ( 8 )

- . 0 0 0 4 4  ( 1 3 )

- . 0 0 0 4 2  ( 7 )

- . 0 0 0 4 0 ( 1 2 )

- . 0 0 0 5 3  ( 1 s )

- . 0 0 0 5 3 ( 9 )

- . 0 0 0 7 7 ( 1 1 )

- . 0 0 0 9 9  ( 1 3 )

- . 0 0 0 7 6  ( 9 )

. 0 0 1 2 1  ( 1 1 )

. 0 0 1 2 1 ( 1 4 )

. 0 0 1 2 5  ( 9  )

. 0 0 0 0 3  ( r 0 )

- . 0 0 0 0 7  ( 1 2 )

. 0 0 0 0 2  ( 8 )

. 0 0 0 1 8 ( 1 1 )

. 0 0 0 2 t  ( 1 3 )

. 0 0 0 r s  ( 9 )

. 0 0 1 0 0  ( r 4 )

, 0 0 0 7 9  ( 1 7 )

. 0 0 0 8 s  ( r 1 )

, 0 0 3 3 5  ( 1 6  )

. 0 0 3 0 3 ( 2 3 )

. 0 0 3 3 4  ( 1 3 )

. 0 0 3 2 9  ( 1 8 )

.00262 126)

. 0 0 3 0 9  ( 1 4 )

- . 0 0 0 9 9  ( 1 r )

- . 0 0 1 2 r ( 1 4 )

- . 0 0 1 0 2  ( 9 )

. 0 0 3 0 3 ( 1 6 )

. o o 2 s 2  l 2 2 l

. 0 0 2 8 9  ( 1 3 )

- . 0 0 0 2 2  ( 1 5 )

- . 0 0 0 3 0  ( 1 9 )

- . u 0 0 3 t  ( 1 2 )

- . 0 0 0 2 6  ( 1 7 )

- . 0 0 0 s 3 ( 1 8 )

- . 0 0 0 2 1  ( 1 3 )

-  . 0 0 0 0 1  ( 1 5  )
-  . 0 0 0 0 2  (  l 5  )

. 0 0 0 0 6  ( 1 2 )

. 0 0 0 1 2  ( 1 s )

.  oooos  (  16  )

.  0ooo5 (  12  )

, 0 0 0 2 6  ( 1 7 )

. 0 0 0 4 2  ( 1 8 )

. 0 0 0 2 5  ( 1 4 )

. 0 0 3 3 2 ( 5 )

. 0 0 3 0  8  (  8 )

. 0 0 3 1 7 ( 4 )

- . 0 0 0 8 6  ( 6 )

- . 0 0 0 9 4  ( 1 0 )

- . 0 0 0 9 1 ( 4 )

. 0 0 1 6 3  (  7 )

. 0 0 1 4 6  ( r _ 0 )

. 0 0 1 4 3 ( 5 )

. 0 0 0 8 3 ( 7 )

. 0 0 0 7 3 ( 9 )

. 0 0 0 6 3  ( 6 )

. 0 0 1 4 0  ( 7 )

. 0 0 1 2 5 ( 9 )

. 0 0 1 1 5  ( 6 )

. 0 0 0 8 9  ( 7 )

. 0 0 0 s 8  ( 8 )

. 0 0 0 6 1  ( s )

. 0 0 2 r 4  ( 8 )

. 0 0 1 9 7 ( 1 0 )

. 0 0 1 9 r  ( 5  )

.  0 0 2 9 0  ( 9  )

. 0 0 2 7 9  ( r 3 )

. 0 0 2 s 9  ( 8 )

. 0 0 2 8 9  ( 1 0 )

. 0 0 2 4 9  l L 4 )

. 0 o 2 6 2  ( 8 )

. 0 0 3 3 5  ( r r )

. 0 0 3 0 9  ( 1 6 )

. 0 0 3 0 6 ( 9 )

. 0 0 r . 3 6  ( 7 )

. 0 0 r 3 7  ( I 0 )

. 0 0 1 1 6  ( 6 )

. 0 0  r s 7  (  r 0  )

. 0 0 1 5 9  ( 1 3 )

. 0 0 1 3 3 ( 8 )

. 0 0 0 2 s  ( 1 0  )

. 0 0 0 3 6  ( 1 3 )

. 0 0 0 1 8  ( 8 )

. 0 0 1 1 7  ( I r )

. 0 0 1 2 9  ( r 3 )

. 0 0 0 9 7  ( 9  )

. 0 0 0 8 8  ( r 0 )

. 0 0 0 8 4  ( 1 0 )

. 0 0 0 9 3 ( 8 )

. 0 0 1 r . 4  ( r o )

. 0 0 0 8 3  ( t r )

. 0 0 0 9 3  ( 8 )

. 0 0 1 1 3  ( 1 r )

. 0 0 I 1 5  ( 1 2 )

. 0 0 0 8 9  ( 9 )

. 0 0 0 r 1  (  3 )

. 0 0 0 1 7 ( 5 )

. 0 0 0 1 2  ( 3 )

. 0 0 0 r 3 ( 4 )

. 0 0 0 1 9 ( 6 )

. 0 0 0 1 4  ( 3 )

- . 0 0 0 0 6  ( 5 )

- . 0 0 0 0 7 ( s )

- . 0 0 0 0 8 ( 4 )

. 0 0 0 0 4  ( 5 )

- - 0 0 0 0 r ( 5 )

. 0 0 0 0 3 ( 4 )

. 0 0 0 7 2 ( 5 )

. 0 0 0 8 0 ( 7 )

. 0 0 0 7 2  ( 4 )

, 0 0 0 3 0  ( 5 )

. 0 0 0 3 4  ( 6 )

. 0 0 0 2 8 ( 4 )

. 0 0 0 3 4 ( s )

. 0 0 0 4 2  ( 6 )

. 0 0 0 3 2  ( 4 )

. 0 0 0 2 4  l 7  )

. 0 0 0 1 0 ( 1 0 )

. 0 0 0 r . s  ( 6  )

. 0 0 0 3 8 ( 6 )

. 0 0 0 4 8 ( 7 )

. 0 0 0 4 3  ( s )

. 0 0 1 2 5 ( 8 )

. 0 0 r 0 3 ( 1 0 )

. 0 0 1 2  3  ( 5  )
- . 0 0 0 1 8 ( 5 )

- . 0 0 0 t 9 ( 6 )

- . 0 0 0 r 9  {  4 )

. 0 0 0 7 3 ( 7 )

. 0 0 0 5 7  ( 9 )

. 0 0 0 6 4  ( 6 )

- . 0 0 0 1 5  ( 6 )

-  0 0 0 1 6  ( 8 )

- . u 0 0 2 3  ( 5 )

-  . 0 0 0 2 2  ( 7  )

- . 0 0 0 3 2 ( 8 )

- . 0 0 0 3 1 ( 6 )

. 0 0 0 0 8 ( 7 )

. 0 0 0 2 0  ( 7 )

. 0 0 0 1 0  ( s )

. o o 0 r 2  ( 7 )

. 0 0 0 1 0  ( 7 )

.  o o 0 r o  (  s )

- . 0 0 0 r 7  (  8 )

. 0 0 0 0 7 ( 9 )

- . 0 0 0 1 5  ( 6 )

H ( 1 )

H ( 2 )

H ( 3 )

H  ( 4 )

H ( 5 )

H ( 6 )

H ( 7 )

H ( 8 )

D

B

D

D

A

B

D

B

D

B

D

B

D

Ful l-data Least-equ@e6 (EF); g = High-otder Least-sq*ares (5TO); Ful l -data 
"ef i tenent 

(S I0 ) .

The two sodium atoms are irregularly coordinated

by five oxygens and one water molecule around

Na(l), and two exygens and three water molecules
around Na(2). These polyhedra share O(4) ring

oxygens and also O( 10)

the c-axis direction there is

symmetrically related water
Na(2) atoms which in turn

water oxygens. In

sharing of two centro-

molecules, O(10), by
are bonded to oxygens
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c

Fro. 3. Projection of the structure on the ac plane showing the hydrogen bonding and sodium coordination.

in two chains. The Na(l) atoms link neighboring
chains in the d-axis direction by bonding hydroxyl
0(6) of one chain to ring oxygens of another chain.
The individual Na-O distances for Na( 1) and Na(2)
vary considerably but the average distances for both
polyhedra are identical.

Extended L-SheIl Refinement (ELS) and
Net Atomic Charges

In an earlier paper in this series the application of

one-center charge refinement formalisms to some or-

ganic and inorganic molecules was described (Coe

pens, Pautler, and Griffin, 197 I). In the extended

L-shell (ELS) refinement the occupancies of the

spherical valence shells are refined together with the
positional, thermal and extinction parameters. In Ta-

ble 1 the R index for ELS refinements with differing

atomic orbitals is compared with those of the con-

ventional least-squares refinement (A). However,

before the ELS results can be discussed, the signifi-

cance of the improvement in the R factors for the

ELS calculations must be verified. Using Hamilton's

R-factor level of significance test (Hamilton, 1965;
Pawley, L97O), we find that the improvement with

the ELS method is highly sigtrificant at the conserva-

tive 0.005 percent confidence level (Rnz,zzzs,o.oos -

1.06). Thus the discussion of the ELS method re-

sults is clearly justified.

ELS calculatio,ns were done with three different

sets of scattering factors (in all calculations, the hy-

drogen scattering factors of Stewart, Davidson, and

Simpson, 1965, were used): 1) molecule optimized

Slater type orbital (STO) scattering factors for the

valence and Na L-shell electrons, and Hartree-Fock
(HF) scattering factors of the Na, O and B K-shell

elecffons (referred to as D); 2) molecule-optimized

Slater-type scattering factors for the valence elec-

trons and isolated atom HF scattering factors for all

core electrons including those in the Na L-shell (E);

and 3 ) isolated atom self-consistent Hartree-Fock

scattering factors (referred to as F). Orbital coeffi-

eients defining the scattering factors are listed in Ta-

ble 6. The agreement of the positional parameters

with the conventional refinement is everywhere within

3o (see Table 2 for results of refinement D). Ex-

perimental charges are shown in Table 8. As would

be expected, they depend to a certain extent on the

nature of the atomic orbitals used for description of

the valence shell. However, the general features of

the charge distribution are cornmon to the three sets

of results. The sodium ions bear partial positive

charges of 0.4-0.5 units, while the boron and hydro-
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gen atoms are positive and the oxygen atoms nega-

tive. This is in agreement with the relative electro-

negativities of these atoms, but the charges are always

several times smaller than those corresponding to a

completely ionic model. Thus, the new experimental

results strongly support Slater's conclusion, arrived
at from the consideration of interatomic distances,
that atoms tend to be much more nearly neutral in

a crystal than a straight ionic interpretation would

indicate (Slater, 1965). They are also in agreement
with Pauling's postulate of approximate electroneu-

trality, which states that "the electronic structure of

a stable crystal is such that the charge on each atom
is close to zero and varies at most between about
-ll/2 and -l/2" (Pauling, 1946).

The scale factors (Table 7) from refinements D

and E are significantly smaller than the value from
refinement F. The experimental value of the scale
factor can therefore be used to select the set of scat-

tering factors which is more appropriate for kernite.

The experimental value of 1.23I = .015 for ft is

not compatible with refinement F for which k =

1.324(2). Thus, it is apparent thdt the molecular

optimized Slater type orbitals of Hehre, Stewart and

Pople ( 1969) give a better description of the valence

electron distribution in the crystal than the self-con-

sistent field results obtained on isolated atoms. The

experimental scale factor does not, within the ex-

perimental errors, distinguish clearly between the

models D and E. However, since the R factor is the

lowest for model D we will focus the following dis-

cussion on the results of this refinement.

TSLE 6. OruIT& COEFFICIEMS (IN MCIPrcSL ATffIC UNITS) DEFINING ATWIC

ORIITIS USED IN ffiE ruCruTION OE SCANRING FACrcRS

E
(!ef insents A,F,c)

src
(refinerent E)

IAALE 7. SCIA FACTORS OBTAIND FROM fiE DIFFERIM MFINEMANTS

Refinement

conventional least squdes (A)

high order refinenent, STo valence and

Na L-ShelI ,  HF B and O Ecatter ing ActorE (B)

high order refinerent' lf valence and

core Bcattering factoEs (c)

ELS, SIO valence and Na L-ShelI, HF

B ind o a@ttsing factor (D)

ELS, Sm valence, HF core Ecatter ing

factorg (E)

ELS, HF valence and core Ecattering factors (F)

ExIDr isental

r . 3s3  (2 )

L.276 lL4 '

L.279 lL4l

L . 2 4 O ( 2 )

L .275 l2 l

L .324 (21

r .zs i  t  .o rs

The experimental charges (Table 8) do not differ

for identical atoms in chemically different environ-

ments. Thus, the sodium atom charges are equal

within the experimental ertors, even though they are

differently coordinatid. Similarly, the charges on the

three types of oxygen atoms are identical within ex-

perimental errors. The averages over the charges are
-0.43 for the hydroxyl, -0.40 for the water and
-0.478 units for the ring oxygen atoms, with a fairly

large range of values in each group. A similar trend

TSLE 8. ilPMIXEM& ATOtrIC CWES

HF = Haltree Fock orbi tals sTo = slater lfITF orbitaLg

E E D

HF core HF core HF core (B,O)

gf vatence S1!O valence STO core (Na)

STO valerce

sTo
( re f  inmenta

N a ( 1 )

N a ( 2 )

o ( r )

o t2 l

o ( 3 )

o  ( 4 )

o  ( 5 )

o  ( G )

o  ( 7 )

o  ( 8 )

o  ( e )

o  ( r 0 )

o  ( r 1 )

B ( 1 )

B  ( 2 )

B ( 3 )

B  ( 4 )

H ( 1 )

H ( 2 )

H ( 3 )

H  ( 4 )

H  ( 5 )

s  ( 6 )

H l T l

H  ( 8 )

sca le  fac to r

R  ( F )

R  I F )

-  o . 4 2 l 4 l

-  o . 3 4  ( 4 )

-  0 . 3 9 ( 5 )

-  0 . 3 7  ( 3 )

-  0 . 3 3  ( 6 )

-  o . 4 5  ( 5 )

+  0 . 2 8 ( 6 )

+  0 . 1 3  ( 6 )

+  0 .  2 2  ( 5 )

+  o . 3 2 ( 6 )

+  0 . 3 2  ( 5 )

+  o . 3 0 ( 5 )

+  o . 4 0 ( 5 )

+  O , 2 8  ( 6 )

+  O . 2 4 l s l

+  O . 2 1  1 6 l

+  O . 2 2 ( ' 7  |

+  0 . 3 0  ( 6 )

L . 3 2  l 2 l

o . 0 3 1

0 . 0 3  1

-  0 . 3 2 ( 4 )

-  0 . 2 0  ( 4 )

-  0 . 2 8  ( 5 )

-  0 . 3 3 ( 3 )

-  o . 0 2 ( 6 )

-  0 . 3 2 ( 4 1

+  o . 4 0  ( 4 )

+  O . 4 I ( 4 )

+  0 , 5 4  ( 4 )

+  0 . 5 6  ( 4 )

+  o . 2 2 1 5 )

+  0 . 2 8 ( s )

+  0 . 0 2  ( 6 )

-  0 . 0 3  ( 5 )

+  o .  O 9  ( 5 )

+  o . 0 1  ( 6 )

-  0 .  1 4  ( 8 )

+  o .  o 2  ( 7 )

L . 2 7  
5 l 2 l

0 . 0 3 2

0 . 0 3 2

+  0 . 5 7  ( 4 )

+  0 . 4 5 ( 5 )

-  0 .  s r  ( 3 )
-  o . 4 5 l 2 l

-  o . 4 3 l 2 l

-  o . s 2 ( 2 1

-  0 . 4 6 l 2 l

-  0 . 4 7  ( 3 )

-  o , 3 9  ( 4 )

-  0 . 4 3  ( 4 )

-  0 . 4 8  ( 3 )

-  o . 3 0  ( 6 )

-  0 . 4 s  ( 4 )

+  0 . 5 0  ( 4 )

+  O . 4 4 \ 4 )

+  0 .  55  (4 )

+  o . 6 4 ( 4 1

+  0 . 3 5  ( 4 )

+  0 . 4 I  ( 4 )

+  o .  23  (6 )

+  0 .  1 3  ( 5 )

+  0 . 2 3  ( 5 )

+  o .  1 6  ( 5 )

+  o . 0 8 ( 8 )

+  0 . 1 7  ( 6 )

L .24  l2 l

0 . 0 3 0

o . 0 2 9

+  0 . 4 3  ( 1 6 )  +  0 . 4 1  ( 4 )

+  O . s 4 ( I 8 )  +  0 . 2 9 ( 5 )

-  0 . 4 0  ( 3 )  -  0 . 3 3  ( 3 )

-  0 . 3 ? ( 3 )  -  0 . 2 9 ( 3 )

-  o , 3 4  ( 3 )  -  0 . 2 9 ( 3 )

-  o . 4 r ( 3 )  -  0 . 3 4 ( 2 )

-  0 . 3 4 ( 3 )  -  o . 3 s ( 3 )

Na K-ahe l l

N A L

N A M

o x

O L

B K

B L

H

( 1 0 . 6 2 6 )

( 3 . 2 e 6 , 3 . 4 0 L t * )

( 0 . 8 3 6 1

(  7 . 6 s 8  )

( 2 . 2 4 6 ,  2 . 2 2 7 )

( 4 . 6 S 0

( r . 2 8 8 , 1 . 2 r r )

(  r 0 . 6 2 6 )

( 3 . 2 8 6 , 3 . 4 0 r )

7 .65e

4 . 6 4

r . 4  5

1ro.625,

3 . 4 8

' 7 . 5 5 4

2 . 2 5

4 . 6 4

r . 4 5

values in IEtentheses are best "single Eh" aPlEoxlEtions

to hrEee Fock abnic oribEls (clerenti and Rainondi, 1953),

given only for corEErison PuPoses.

F i rs t  va lue  2s ,  second va lue  2P e lecEonE.

Hyatrogen scattqing facbrs according b SteErtrDevidson

anal sinPson (1965) were used)
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Fto, 4. Difference density maps. Contours at 0.05 e/As; negative contours dotted. The sections shown lie in the
and two oxygen atoms. The solid lines indicate bonds lying in the section.

:  i  . . - - '

is observed for the boron atoms where the tetrahe-
dral and trigonal atoms show no clear differentiation
according to charge. This contrasts with an idealized
valence-bond diagram where the tetrahedrally-coor-
dinated boron atom would beala formal negative
charge of one electron, while the trigonal boron
atom could be neutral.

The net atomic charge obtained for the O(10)

r\)\_
plane ofthe boron

water molecule is quite similar to the values ob-
tained in previous studies (Coppens, Pautler and
Griffin (1971.)). The O(10) charge is -.30 while

the hydrogens tH(3) and H(5)l have charges of

*.23 units. Because of the unusually high thermal
parameters for H(7) and H(8) the charges obtained
for the other two water molecules are not nearly as
well defined. The significance of the unusual nega-

i /
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Frc. 5. Difference density maps. Contours at 0.05 e/As; negative contours dotted. The sections in the upper half of the figure

contain the three oxygen atoms, while those in the lower half are through one sodium and two oxygen atoms. The solid lines indicate

bonds lying in the section; the dashed lines are projections of bonds to atoms not lying in the plane of the density map.
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tive net charges on the O(8) and O( 11) water mole-

cules is therefore doubtful.
The value of the isotropic extinction parameter is

somewhat different for the results of the ELS calcu-

lations t0.009(44)l as compared to that obtained

for the conventional least squares refinement [0.108

(65)l; that is, the maximum reduction of intensity

(for the strongest reflections) is approximately I per-

cent in the ELS refinement as compared to a reduc-

tion of 10 percent in the conventional least squares

refinement. This may indicate that the extinction

parameter in the latter refinement is adjusted to al-

j l

Ni
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low for some of the errors in the model. To investi-
gate how much the experimental charges are affected
by such a change in the extinction parameter, the
ELS calculations were repeated with the extinc-
tion parameter kept constant at the value obtained
in the conventional least-squares refinement. The
charges so obtained agree within 1o of those of
the earlier ELS refinement, indicating that the un-
certainty in the extinction parameter does not aftect
the experimental charges to any considerable extent.

In the ELS calculations, a constraint requiring the
total number of electrons to be constant has been
imposed so that the crystal will remain neutral dur-
ing the refinement. If this constraint is not applied,
a change in the scale factor may partially compen-
sate for the apparent non-neutrality of the crystal.
An alternate procedure is to fix the scale factor
at an accurately determined experimental value, the
deviation from neutrality of the crystal in such a
refinernent being a measure of the space-filling prop
erties of the atomic orbitals used to describe the
atomic valence shell. The ELS calculations were re-
peated with k fixed at I.23I and using the molecular-
optimized Slater-type orbitals for the valence shell
and sodium L-shell (set D), but without the neu-
trality constraint. The charges obtained from this
calculation agree generally within 2o, and always
within 3o. with those from the earlier ELS refine-
rnent, while the change frorn neutrality of the crystal
is 1.66 electron units, indicating a gain in negative
density. It has been suggested (R. F. Stewart, pri-

vate communication) that such a spherical charge
refinement should lead to a deficiency in electrons,
because the density in the bonds is not allowed for
in the model. However a small shift within the error
of the scale factor measurement would have affected
the magnitude of the deviatibn from neutrality to a
considerable extent. The relative deviation from neu-
trality is 1,.66/138 : 1.2 Wrcent, about equal to the
relative standard deviation in the scale factor. Thus, a
more accurate experimental value of the scale fac-
tor would be desirable, but it is difficult to see how
the limiting factors in the experiment (such as ex-
tinction and lack of uniformity of crystal thickness)
could be reduced further.

High-Order Refinement and Difterence
Density Maps

A number of studies on simple organic molecules
have given evidence to support the validity of a high-
order least-squares refinement as a method of ob-

taining parameters less affected by bonding (Stewart

and Jensen, 1969; O'Connell, 1969; Coppens and

Vos, 1971; Stevens and Hope, l97l). In the case

of kernite, complementary neutron diffraction in-

formation could have been obtained only if 11B en-

riched crystals of kernite had been available. There-

fore, bonding properties were further studied by the

calculation of difference Fourier maps using a full-

data X-ray set with the parameters obtained from

a high-order X-ray refinement (sin 0/), > 0.6A-).

The agreement factors, atomic coordinates and ther-

mal parameters for the high-order calculation using

an STO valence and Na L-shell and HF core scat-

tering factors (B) are included in Tables I,2 and 5.

In these calculations, the hydrogen positional and

thermal parameters were not refined. Furthermore,

when comparing the high-order and full-data refine-

ments (Table 1), it should be remembered that the

former is only over-determined by a factor of 6.9

whereas the ratio of observations to parameters is

13.3 for the latter refinement. From Table 2 it is

noted that only slight changes in the atomic coordi-

nates occur in the high-order refinement as com-
pared to the full data set. As noticed in previous

work (Coppens, 1971) the thermal parameters ob-

tained in the refinements with STO form factors (B

and D) are smaller than those from the HF full

data refinement (A). Temperature parameters from

a high-order refinement with HF scattering factors
(C) are in much better agreement with the STO

results, which can be understood in terms of a

reduced accommodation of the valence structure of

kernite by the anisotropic thermal parameters. It

should be noted that for the oxygen and boron atoms

STO high-order thermal parameters (B) are some-

what larger than the ELS-STO refinement based on

all the data (D).

Difference maps are shown in Figures 4 and 5.'

The central region of each B-O bond in both the

tetrahedral and trigonal plane contains residual elec-

tron density, which supports the covalent nature of

the B-O interaction. The oxygen atoms lie at the

zero or slightly negative contour levels while the

boron and sodium atoms are in regions of positive

charge. In contrast to the B-O bonds, ten out of

the eleven regions between sodium and oxygen atoms

show very little density, indicating a more ionic na-

ture of the bonds between these atoms. The excep-

1 The spherical atoms subtracted are those defined in the

last column of Table 6 (B. D).
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tion is the area between O(4) and Na(1) (Fig.

5 ). However, there are no other indications, such

as from bond lengths, that this bond is different from

others in the crystal, so the significance of the den-

sity maximum is not clear. The inability to detect the

oxygen lone pair electron density is in agreement

with the results on sucrose by Hanson, Sieker and

Jensen (1972), who observed that agreement be-

tween X-ray minus neutron (X-N) and high order

X-ray difterence maps was good in the bonding re-

gion but quite different in the lone-pair regions of

the oxygen atoms. Specifically, lone-pair electrons

are not observed in the high-order difference maps,

indicating scattering of the lone-pair electrons well

beyond the lower limit cut-off of the high-angle re-

finement (sin d/,1, > 0.6 A-'). Calculations on the

scattering of a prepared state oxygen atom (Dawson,

1964; Coppens, 1969) fully support the persistence

of lone-pair scattering into the high-order region.
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