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The Neutron and X-ray Crystal Structare of (Na,Li),Th F,,
with More Than One Least-Squares Minimum*

By GEORGE BRUNTON AND D. RICHARD SEARSY
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The compound (Na,Li);TheF3; crystallizes in space group P3cl with ao=9-9056+0-0003 and co=
132820+ 0-0005 A at 25°C. The calculated density is 6:045 g.cm~3 and Z=2. There are 18 atoms in
the asymmetric unit. Two independent Th4* ions and F(1) through F(10) are on the general position
6(d); Th(1) is coordinated by 9F- and Th(2) is coordinated by 10F-. Ion F(11) is on position 2(a). The
three sodium ions Na(1), Na(2) and Na(3) occupy positions 2(¢), 2(b) and 2(a) respectively. The ion
Na(3) is surrounded by 12F- and Na(2) and Na(1) are surrounded by 6F- at distances less than 3-0 A.
Sodium (1) and Na(2) have five and three more F- nearest neighbors respectively between 3-0 and 3-5 A.
Lithium(1) is octahedrally coordinated at position 2(@). Lithium(2) is at general position 6(d) and is
surrounded by 7F- nearest neighbors less than 3-0 A distant.

There are at least two least-squares minima for each of two sets of data obtained with X-rays and
neutrons. The ranges of cation-anion interatomic distances for the originally determined X-ray and neu-
tron minima are respectively: Th(1)-F, 2:23-2:62, 2:28-2-52 A; Th(2)-F, 2-25-2-63, 2:29-2-57 A;
Na(1)-F, 2-26-3-54, 2-26-3-41 A; Na(2)-F, 2-:25-3-34, 2-30-3-07 A; Na(3)-F, 2:56-296, 2-50-3-00 A.:
Li(1)-F, 2-03-2-06, 1-96-2-06 A ; Li(2)-F, 1-77-2-89, 1-92-2:77 A. Refinement of the X-ray parameters
with neutron data, and vice versa, did not change the parameters significantly; two very significant
minima remained, with differences as large as 30o.
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Introduction

The ternary system NaF-LiF-ThF, and its intermedi-
ate compounds are being investigated as part of the
Molten Salt Breeder Reactor Program at the Oak Ridge
National Laboratory (Thoma, Insley, Landau, Fried-
man & Grimes, 1959; Thoma, Insley, Hebert, Fried-
man & Weaver, 1963). The ternary intermediate com-
pound (Na,Li);Th¢F;; was regarded as the terminus of
a solid solution join with the high temperature modi-
fication of NaThFs; («-NaThFs, Brunton, Insley,
McVay & Thoma, 1965) and was erroneously reported
as NaLi,Th,F;;. Both phases crystallize with the same
space group and have similar unit-cell dimensions.

Experimental

We decided to gather both neutron and X-ray diffrac-
tion data for the crystal structure determination. The
positions of the thorium atoms and most of the fluorine
atoms could be determined from the three-dimensional
Patterson sections computed from both sets of data.
The best positional parameters and temperature fac-
tors for the low atomic number atoms would come
from the neutron data.

Single crystals of (Na,”Li),Th¢F;; (hereafter referred
to as NLT) were selected from an ingot of the compo-
sition: NaF-20 mole %, 7LiF—-40 mole %, ThFs—40

* Research sponsored by the U.S. Atomic Energy Commis-
sion under contract with the Union Carbide Corporation.
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mole % which was grown in a modified Stockbarger-
Bridgman gradient furnace (Weaver, Ross, Sturm,
Eorgan & Thoma, 1964). The crystals were tumble-
ground in an abrasive-lined ball mill until they were
roughly cubic with rounded edges. These crystals were
etched smooth in warm concentrated aqueous AI(NO;);
solution and were thermally shocked by repeated immer-
sions alternately in liquid nitrogen and mineral oil at
20°C. The crystals were translucent after this treatment.
One of us (DRS) observed a greenish-blue thermo-
chromism in the crystals at 77°K which may be the
result of a phase transition at low temperature. Frag-
ments of the same material were submitted for chemical
analysis, the results of which are reported in Table 1.

Thirty-three high angle X-ray reflections were used
to refine the unit-cell parameters by least-squares anal-
ysis; a@y=9-9056 +0-003 and ¢,=13-2820 +0-0005 A at
25°C. (4, Cu Ko;=1-54050, Cu Ko, = 1-54434 A). The
space group is P3cl and the conditions limiting pos-
sible reflections are: #A0I, I=2n present only. Piezo-
electric tests on the Mellon Institute Giebe-Scheibe de-
tector were negative but the final structure, from both
X-ray and neutron data, is noncentrosymmetrical.

The calculated density is 6-045 g.cm~3, the measured
density is 594 g.cm=3, Z=2 and the linear absorption,
u=1735-51 cm~! for Cu K« radiation, and is less than
0-1 for 1-0770 A neutrons.

Neutron determination

The crystal used for neutron measurements was about
2mm on a side, and weighed 10-4 mg, somewhat small
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Th(1)

Th(2)
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P(7)

F(8)

P(9)

P(10)

F(11)

Na(1)

Na(2)

Ka(3)

L1(1)

L@
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Table 1. Results of chemical analyses of (Na, "Li);TheF3, crystals

Mean % o
Standard deviation for individual
Number of atoms Th=12

7Li

1-16
0-11
6-92

Na
4-38
0-55
795

Th
66:72
0-26
12

F

28-22
0-31
61-99

Table 2. Positional parameters and temperature factors for (Na,Li);TheF3;

b3
wob  o.0782(4)P
XN 0.0786(2)
X0 0.0847(2)
X 0.0850(4)
NO 0.9148(4)
XN 0.9153(2)
X0 0,9214(2)
NX 0.9220(4)
NO 0,1370(7)
N 0.144(4)

x0 0.139(4)
NX 0.1335(9)

NO 0.8658(8)

NX 0.8615(8)

NO 0.1191(8)
XN 0.114(4)
X0 0.129(5)
NX 0.1197(9)
NO 0.8781
XN 0.874(4)
X0 0.886(5)
NX 0.8784(9)
¥O 0.3431(6)
XN 0.340(4)
X0 0.357(5)
NX 0.3512(8)
NO 0.6479(8)
xN 0.646(4)
X0 0.668(4)
NX 0.6564(7)
NO 0.1033(8)
xN 0.112(4)
X0 0.079(4)
NX 0.0808(8)
NO 0.9191(7)
xN 0.918(3)
X0 0.893(4)
NX 0.8985(9)
NO 0.1295(8)
XN 0.125(4)
X0 0.117(4)
NX 0.117(1)
NO 0.8836(8)
™ 0.879(3)
X0 0.868(5)
NX 0.8716(9)
No 0.66667
XN 0.66667
X0 0.66667
NX 0.66667
NO 0.66667
XN 0.66667
X0 0.66667
NX 0.66667
X0 0.33333
XN 0.33333
X0 0.33333
NX 0.33333
NO 0.0

XN 0.0

X0 0.0

NX 0.0

NO 0.0

XN 0.0

X0 0.0

NX 0.0

NO 0.233(4)
XN 0.28(2)
X0 0.272(9)=
NX 0.286(8)

%Coefficients in the Temperature Factor:

Y

0.3954(4)
0.3954(2)
0.4094(2)
0.4088(4)

0.5911(4)
0.5906(2)
0.6045(2)
0.6043(4)

0.4291(8)
0.443(4)
0.441(4)
0.4435(9)

0.5552(7)
0.564(3)
0.563(4)
0.5692(8)

0.3061(8)
0.306(3)
0.315(4)
0.3088(9)

0.6893(8)
0.682(4)
0.690(4)
0.6912(9)

0.5103(7)
0.517(4)
0.459(5)
0.4488(8)

0.5494(7)
0.541(4)
0.493(5)
0.4906(8)

0.1966(7)
0.202(4)
0.196(4)
0.1893(8)

0.8111(7)
0.812(3)
0,803(3)
0.8058(8)

0.5851(7)
0.584(4)
0,576(4)
0.5787(8)

0.4214(8)

0.4153(8)

0.33333
0,33333
0,33333
0.33333

0,33333
0.33333
0,33333
0.33333

0.66667

0.2059(2)

-0.1862(5)
-0.192(3)
-0.181(3)
-0.1803(6)

0.3853(6)
0.376(3)
0.388(3)
0.3916(6)

~0.3759(6)
-0.374(3)
-0.374(3)
~0.3770(6)

0.5827(6)
0.586(3)
0.587(3)
0.5811(6)

~0.0444(5)
-0.053(3)
-0.062(3)
-0.0555(6)

0.2615(5)
0.258(3)
0.249(3)
0.2501(6)

=0.0655(6)
=0.071(3)
-0,061(3)
-0.0588(7)

0.2643(7)

0.2712(6)

-0,3531(6)
-0.364(3)
-0,347(3)
-0.3459(6)

0.5508(6)
0.543(3)
0.555(4)
0.5578(6)

-0.306(1)
-0.321(5)
-0.321(8)
-0.309(2)

-0.047(2)

0.045(4)
055(4)
«0.054(2)

0.258(2)
0.254(4)
0.248(4)
0.251(2)

0.121(2)
0.118(3)
0,084(5)
0.083(2)

-0.139(3)
-0.19(2)
-0,15(2)
-0.156(3)

-0.188(3)
~0.20(2)

' -0.221(8)

=0.13(2)

B, *

0.0012(3)
0,0035(2)
0.0044(2)
0.0016(4)

0.0008(3)
0.0033(3)
0.0036(2)
0.0011(4)

0.0029(7)

0.0036(8)

0,0036(7)
0.003(2)
0.002(1)
0.0025(7)

0.0031(7)

0.0028(7)

0.0037(8)
0,005(2)
0.003(2)
0.0028(8)

0.0015(6)
0.006(2)
0.004(2)
0.0031(7)

0.0069(9)
0.008(2)
0.004(2)
0.0016(6)

0.0059(8)
0.005(2)

0.0009(9)
0.,0033(7)

0.0014(6)
0.002(2)

0.0003(9)
0.0053(8)

0.0026(7)
0.007(2)
0.001(1)
0.0049(9)

0.0022(7)
0.004(2)
0.002(1)
0.0029(8)

0.0038(7)
0.008(3)
0.012(4)
0.017(3)

0.002(1)
0.003(2)
0.001(2)
0.005(2)

0.005(2)
0.005(2)
0.001(1)

0.0005(9) -

0.006(2)
0.005(2)
0.009(3)
0.006(2)

0.003(2)
0.02(1)

0.008(6)
0.004(2)

0.027(6)8
0.01(1)
o.oos(:&
0.04(2)

BZ!
0.0012(3)
0.0029(2)
0.0039(3)
0.0013(4)
0.0017(3)
0,0035(2)
0.0035(2)
0.0013(4)

0.0038(7)
a4

d
0.0041(8)
0.0030(7)

d

d
0.0037(8)
0.0039(8)

d

d
0.0041(9)
0.0028(7)

d

d
0.0027(8)
0.0047(7)

d

q
0.007(1)
0.,0038(7)

q

d
0.0054(8)
0.0025(7)

d

d
0.0010(7)
0.0031(7)

d

d
0.0038(8)
0.0020(7)

d

d
0.0014(7)
0.0033(7)

d

d
0.0035(8)
b4

HEAH HARK HAAM HAOM MHAA

1 0.004(3)

an

0.019(7)

B)l
0.0006(2)
0.0005(1)
0,0007(1)
0.0003(2)
0.0003(2)
0.0006(1)
0.00035(9)
0.0006(2)

0.0007(3)

0.0008(3)
0.0009(3)

0.0007(3)
0.0015(4)

0.0016(4)
0.0012(4)

0,0015(4)

0.0022(3)

0.0025(4)
0.0021(3)

0.0021(3)
0.0015(3)

0.0024(4)
0.0018(3)

0.0012(3)
0.0017(4)

0.0014(3)
0.0013(3)

0.0016(4)
0.008(1)

0,011(3)
0.003(2)

0.0005(8)
0.0006(8)

0.003(1)
0.002(2)

0,005 (2)
0.002(2)

0.000(2)
0.014(4)

0.07(2)

EXP- (By  h¥ +8; X2 +By 5 83 428, 31t +28; 3 k2428, 1 hK) .

bstlndlrd Error (in parentheses) Corresponds to Last Significant Digit in Parameter.
®Defines Origin Along Z.

dX-Rly Temperature Factors for F, Na, and Li are Constrained to be Isotropic.

rOnly those ﬁlledJuuted as Independent Variables are Shown.

are: By =B::

By2 and B, 3=Bz3=0.

(Levy (1956)).

‘Telperalure factor 18 not positive-definite.

B%0 - Original X-ray Parameters and Data.
NO - Original Neutron Parameters and Data.

XX -~ X-ray Data, NO Parameters
NX - Neutron Data, XO Parameters.

B2
0.0006(3)
0.0016(2)
0,0024(2)
0,0010(3)
0.0007(3)
0.0020(1)
0.0017(2)
0,0005(3)

0.0003(6)

0.0010(7)
0.0007(6)

0.0001(6)
0.0020(6)

0.0018(7)
0.0015(6)

0.0013(6)
0.0001(5)

0.0004(7)
0.0006(7)

-0.0001(6)
0.0031(7)

0.0000(6)
0.0005(6)

0.0039(7)
0.0003(6)

0.0007(6)
0.0003(6)

0.0010(7)
£

b4
«0.012(4)

=0.030(9)

Bl!
0.0002(2)
0.0000(1)
0.0000(2)

~0.0004(2)
0.0001(2)
0.0002(1)
0.0000(1)
0.0002(2)

-0.0005(4)

0.0002(4)
-0.0008(4)

-0.0002(4)
0.0011(5)

0.0004(5)
0.0006(4)

0.0012(5)
~0.0005(3)

-0.0003(4)
0.0004(4)

~0.0007(4)
-0.0001(4)

-0.0001(4)

0.0009(4)

-0.0006(4)
-0.0014(4)

-0.0012(5)
~0.0007(4)

-0.0013(5)
4

4
0.012(4)

0.04(2)

B!)
~0.0001(2)
0.0000(1)
-0.0003(1)
-0.0002(2)
0.0003(2)
0.0000(2)
0.0002(1)
=0.0001(2)

~0.0001(4)

0.0006(4)
-0.,0002(4)

0.0005(4)
0.0002(4)

-0.0009(5)
~0.0004(4)

0.0003(5)
0.0005(4)

-0.0006(5)
0.0003(4)

0.0007(4)
~0.0006 (4)

-0.0010(4)
0.0001(4)

-0.0010(5)
0.0004(4)

0.0004(4)
0.0008(4)

0.0005(¢5)
b4

4

b4
-0.001(3)

-0.04(1)

Symmetry Comstraints Upon the BLJ of 211 Atoms in Special Positions
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for the purpose. Petrographic examination, neutron
and X-ray Laue photographs, and X-ray precession
photographs confirmed that the crystal remained un-
fractured after liquid nitrogen immersion.

Approximately 2200 neutron reflections were meas-
ured by the step-scanning method, with the Oak Ridge
Automatic Three Circle Neutron Diffractometer at the
Oak Ridge Research Reactor (Busing, Smith, Peterson
& Levy, 1964) and reduced to a set of intensity data
and their corresponding standard errors, by the meth-
ods and CDC 1604 A computer programs described by
Brown & Levy (1964). The neutron wavelength was
1-0770 A. Each measurement comprised 51 steps over
a 5° 20 range; each step corresponded to 20,000 moni-
tor counts. A standard reflection (080) was measured
after each 50 reflections. We used an unpublished pro-
gram by C.K.Johnson to form a set of 1394 indepen-
dent (non-equivalent) intensities, and their standard er-
rors. In this program, the 400 reflection of a standard
NaCl crystal served to establish the absolute scale.
When combining the standard errors of redundant
equivalent reflections, the root mean-square deviation
was selected if it was larger than the square root of the
sum of the individual variances. A 3% standard error
was combined with the statistical standard error to give
the total standard error for least-squares weighting.

Positions of two thorium atoms, one lithium atom,
and several fluorine atoms were located in a three-di-
mensional Patterson calculation. The lithium-7 atom,
by virtue of its negative coherent scattering length
(—0-21 x 1012 cm) was readily observed, in the pre-
sence of stronger scatterers, within 0-01 A of its final
refined position. The scattering length for lithium-7
was determined by Peterson & Smith (1967); for the
other atoms, we used values tabulated by Bacon (1962):
0-35, 1-01, and 0:-55x 10-12 ¢m for sodium, thorium,
and fluorine, respectively. The scattering lengths were
not varied in the least-squares refinement.

X-ray determination

The neutron data crystal was crushed and the frag-
ments were ground in an air-driven race. A sphere 130
in diameter was mounted on a computer controlled
Picker four-circle single-crystal orienter equipped with
a scintillation-counter detector. All of the independent
reflections, 4>0,k>0, />0, outto 260 =146° were meas-
ured with Ni-filtered Cu Ko radiation by the 260 scan
technique. Additional equivalent reflections, #kl, were
measured at high 26 angles. The 998 reflection data
were corrected for Lorentz—polarization factors and for
absorption and were reduced to structure factors, Fo.
The scattering factors for Na*, Li*, Th4*, and F~ were
taken from Cromer & Waber (1965). The scattering
factor for Th*t includes the real and imaginary parts
of the anomalous dispersion, 4f"= —4 and 4f"' = —15
electrons (International Tables for X-ray Crystallog-
raphy 1962). The anomalous dispersion parts of the
scattering factors are used by a modified version of the

ACB25-7*
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Busing, Martin & Levy (1962) least-squares program.
The value of — 15 electrons for 4f”’ is used because the
absolute configuration of the crystal was determined
by Hamilton’s (1965) significance test on the R factor
to be such that 4= —15 electrons gives the best R
factor (R=0:0600 for Af"’=15 electrons and R=
0-0596 for Af"' = — 15 electrons) for a one-dimensional
hypothesis and 760 degrees of freedom at the 0-005
significance level. (See Ueki, Zalkin & Templeton
(1966) and Cruickshank & McDonald (1967) for a dis-
cussion of errors caused by neglect of anomalous scat-
tering.)

A three-dimensional Patterson synthesis gave the
positions of the Th#+ ions at general positions 6(d);
Th(1), x=0-09, y=0-41, z=0-0 and Th(2), x=0-91,
y=059, z=0-20 for starting parameters. The positions
of most of the other ions were derived from three-
dimensional difference syntheses and by inferences
from stereoscopic views of models of the structure.

The atomic positions and temperature factors were
adjusted by the method of least-squares with XFLS,
a modification of the Busing, Martin & Levy (1962)
program. The quantity Zw(F,— F;)? was minimized
and the summation was over all of the reflections. The
refinement was based upon |F,| for the X-ray data and
the corresponding weighting factor was the reciprocal
qf o%(F,), where o(Fo)=0(F2)/2F,. The empirical equa-
tion,

0(F%)=[T+ B+0-0225(T— B)?]/[A(Lp)Y],

was used to estimate the variance in this case [Lp=
Lorentz-polarization, 4 =absorption correction, T=
total and B=background counts (Busing & Levy,
1957)].

Discussion of results

The initial structure models were based upon the as-
sumption that, regardless of the chemical analysis
(Table 1) the stoichiometry was probably close to
NagLigTh),Fs because of the preliminary results of
phase equilibria studies (Thoma, 1966), which placed
a compound of that stoichiometry on a join with
NaThFs. We also assumed that the space group was
P3cl because both piezoelectric and pyroelectric tests
were negative. Both assumptions proved to be false.

The usual statistical tests of Wilson (1949) and of
Howells, Phillips & Rogers (1949) were ambiguous.
Pseudo-symmetric pairs F(7,8) and F(9,10) had large
isotropic temperature factors with both X-ray and
neutron data and the least-square refinement would
not converge. When space group P3cl was tested, the
thorium ions remained nearly centrosymmetric but
there were large departures from centrosymmetry by
most of the fluorine ions, particularly F(7), F(8), F(9)
and F(10); F(11) has no pseudo-centrosymmetrical
equivalent.

The refinement of the atomic parameters was carried
out independently by each of the authors to obtain the
final results labeled XO and NO in Table 2. D.P. Shoe-
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maker suggested that the large disparity between these
sets of parameters might be the result of the conver-
gence of the least-square refinements to two different
minima.

The results of refining the XO parameters with neu-
tron data and NO parameters with X-ray data are
listed in Table 2. These parameters XN and NX respec-
tively confirm that there are at least two minima for
each of the two sets of data. Additional least-squares
refinements were made on the parameters with the X-
ray data by choosing new starting parameters for the
Th ions several standard errors away from XO and NO.
The least-squares results either converged on the pre-
vious minima or diverged and blew up depending upon
how far the new parameters were from the original set.
If starting parameters are chosen midway between XO
and NO, the least-squares refinement does not converge.

The differences between parameters which refine to
the two minima (for each of the two data sets) may be
as large as 30¢ but with the exception of the thermal
parameters, F(1) y parameter and Li(2) x and y par-
ameters, the differences between parameters for each
set of data within each minimum are 3¢ or less. The

THE NEUTRON AND X-RAY CRYSTAL STRUCTURE OF (Na,Li);TheF31

differences between the thermal parameters, f;; and
P22, for the two independent Th ions obtained from
refinement to the same minimum of the neutron and
X-ray data are as large as the values obtained in the
refinement to the two different minima (Table 2).

The best structure seems to be that represented by
the parameters NO (Table 2) from the original neutron
data. The discrepancy index R for NO is significantly
less than that for NX at the 0-005 significance level and
some of the interatomic distances from the XO par-
ameters (Table 2) appear to be unreasonable, e.g.
Th(1)-F(Q2) 2-18 A; F(1)-F(11) 1-72A; Li(2)-F(8)
177 A. The NO structure is, therefore, discussed in the
rest of the paper.

The final atomic parameters and temperature factors
are listed in Table 2. Anisotropic temperature factors
were calculated for all of the atoms from the neutron
data and for thorium only from X-ray data. The X-ray
temperature factors for all of the fluorine, lithium, and
sodium ions are isotropic.

We adjusted the occupancy of the Li and Na sites by
least squares and they converged to values which did
not differ significantly from full, unmixed occupancy.

Fig. 1. The cation contents of one asymetrical unit of (Na, Li);Th¢F3; showing the coordination polyhedron around each cation.
One fourth of a unit cell is outlined.

Fig.2. Coordination polyhedron around Th(1).
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The stoichiometry which best fits the crystallographic
data is NagLigTh,,Fs,, contrary to the preliminary re-
port (Sears & Brunton, 1967). This result also is in ac-
ceptable agreement with the chemical analysis (Table 1).
We prefer to use the less specific formula (Na,Li); TheF3,
because there is a group of compounds known to have
this stoichiometry: Na,Zr¢F;, (Burns, Ellison & Levy,
1968); metastable Na;ThgF3;, and many stable com-
pounds (Thoma, 1962). Furthermore, there appears to
be a solid solution join from (Na,Li);ThsF;; to
oa-NaThFs or a new polymorph of Na,Thg¢F;, NLT
being the phase limit of LiF solid solution. In fact, this
latter possibility provides the most credible explana-
tion for the existing phase equilibrium data in this re-
gion of the ternary diagram (Thoma, 1966). We pro-
pose that compositions on the low-LiF end of the solid
solution join are achieved by simple replacement of
lithium in both of its positions by sodium, resulting in
a direct way in a composition limit Na;ThgF3;. If, how-
ever, the composition limit is NaThFs, it is necessary
to construct a more complicated mechanism, e.g. loss
of Li(1) from its octahedral position and replacement
of lithium by sodium in the general Li(2) position,
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accompanied by a loss of fluorine, presumably from
the polyhedron surrounding the ten-coordinate thor-
ium, Th(2).

Figs. 1 through 8 are stereoscopic drawings (Johnson,
1965) of the contents of one asymmetrical unit and the
coordination polyhedra around Th(l), Th(2), Na(l),
Na(2), Na(3), Li(1), and Li(2) respectively. The drawing
in Fig.1 shows the unit cell rotated —30° around a;
and all of the other Figures are rotated 45° around a,.
The choice of the F~ nearest neighbors for Na(1), Na(3)
and Li(2) is arbitrary and all of the fluorine ions less
than 3-50 A distant were included. It should be noted
that the four nearest neighbor F- ions to Li(2) are at
the corners of an irregular tetrahedron.

The coordination about Th(l) is the tripyramidal
configuration normal for nine-coordinate atoms (Duf-
fey, 1951; Kepert, 1965). The Th(2) environment may
also be regarded as derived from the tripyramidal, by
the insertion of an additional (fourth) fluorine ion in
the central girdle.

The important interatomic distances not corrected
for thermal motion are listed in Table 3. In the case of
Li(2), corrections for independent thermal motion were

Fig.4. Coordination polyhedron around Na(1).
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calculated; the results corresponded to Li(2)-F bond
distances increased by 0:02-0-08 A, but we are not
confident that the large anisotropic thermal motion
parameter for Li(2) calculated from the neutron dat?
has any meaning. It is possible that it reflects a posi-
tional disorder.

For the most part, interatomic distances appear to be
normal. Ligancy corrected Th—F distances are expegted
to be nearly 2-44 A for 9- and 10-coordinated (honum
(Pauling, 1960), and three thorium—fluorine distances
are very significantly shorter than this: Th(l)—E(?),
Th(1)-F(4), and Th(2)-F(8). However, the coordina-
tion polyhedra about both thorium atoms are quite

" irregular, and this should relax ligancy effects and
packing constraints. The six short Na(1)-F(2) and
Na(1)-F(10) distances correspond to an oc.tahedral con-
figuration about the sodium ion, for which an Na-F
distance of 2-31 A is expected (Pauling, 1960). There
are no unusual F-F distances.

'The observed X-ray structure factors and calgulatgd
structure factors from the XO parameters are listed in
Table 4. The discrepancy index R=X ||Fo| —|Fol|/Z/| Fol
is 0-0596 for all X-ray reflections and the standard de-
viation of an observation of unit weight, [Zw(Fo— F¢)?/

(10— ny)]V/2 is 0-80 (1, is the number of reflections and

THE NEUTRON AND X-RAY CRYSTAL STRUCTURE OF (Na,Li);TheFs:

n, the number of variables). The discrepancy index for
XN (Table 2) is 0-0598.

Table 3. Interatomic distances for (Na,Li);TheF3,
determined form the XO and NO parameters
(Table 2)

The number in parentheses is the standard error

corresponding to the last digit.
X0 NO X0 NO X0 NO

TB(-F() 2.23(3)h 2.277(6)A Th(2)=F(6) 2.25(4)A 2.425(63A L1(2)-F(8) 1.77(9) 1.92(3)
SF(9) 2.3400)  2.351(6) “P(8) 2.26(3)  2.293(6) “P(6) 2.27(9) 2.03¢3)
“PCO) 2.35(4)  2,297(6) “P(3) 23204 2.378(6) ~F(1) 2.3309) 2.08(4)
“F(3) 2.38(4)  2.371(6) SP(6) 2.36(4)  2.383(6) “P(S) 2.47(9) " 2.75(3)
~P(8) 2.38(4)  2.352(8) “P(1) 2.40C4)  2.386¢6) () 2.4909) 27700
F(2) 2.4104)  2.380(6) “P(10) 2.41(4)  2.355(6) P9 2.62(9) 3.18(3)
~F(1) 2.45(4)  2.522(6) -F(9) 2.43(3) 2.510(8) ~¥(7) 2.70(9) 1.98(3)
~P(10) 2.43(4)  2.435(8) =P(6) 2.44¢4)  2.573(6) ~F(4) 2.89(9) 3.37(3)
“F(S)  2.63(4)  2.354(6) ~P(2) 2.46¢0)  2.425(6)

SP(11) 2.63(2)  2.514(3)

Wa(1)-3FC19) 2.26(5)  2.26(2)  Ne(2)-3R(9) 2.25(4)  2.30(2) Ne(3)-(7) 2.56(6) 3.00(2)
=IP(2)  2.27(0)  2.29€1) ~3P(1)  2.30(4)  2,299(8) =3T(4)  2.69(4) 2.730(6)
<3F(6) 3.04(8)  3.41(2) =37(5) 3.34(6)  3.07(2) =IR(3) 2.78(4)  2.649¢6)

ST 3.1€2)  3.180)  La)-IRD)  2.001)  2,06(3) -3P(8) 2.96(6) 2.50(2)
PO 3.5(2)  3.46(3) ST 2.1 1.96€2)

F(D-P@2)  2.53(4)  2.517(5)  FCL-PC9)  2.64(6)  2.717(8)  F(1)-F(5) 2.72(8) 2.318(8)

TO)-F(D) 2.72€6)  2.688(7)  F(1)-F(S)  2.62(6)  2.593(7)  P(L-P(3)  2.83(6) 2.763(8)

F(2)-P(4)  2.90(5)  2.915(8) P(2)-R(7) 2.88(5) 3.141(8) R(2)-F(8) 2.76(5) 2.817(8)

P(2)-2(10) 2.66(6)  2.623(8)  F(2)-P(6)  2.51(5)  2.696(8) R(2)-P(6)  2.80(5) 2.761(8)

FODSP()  2.6508)  2.718(9)  PC)-P(D)  2.72(6)  2.702(8) F(3)-P(5) 2.96(6) 2.893(8)

F()-F(9)  2.67(S)  2.713(8)  F()-F(4)  2.86(7)  2.724(9) P()-F(3)  2.67(8) 2.724(8)

F()-2C8)  2.94(5)  2.714(8)  P(O-F(T)  2.74(5)  2.942(8) P(4)-P(10) 2.77(5) 2.723(8)

F(O-F(10) 2.68(8)  2.712(8)  F(4)-F(8) 2.59(6)  2.669(8) P(4)-F(6) 2.76(6) 2.812(8)

F(5)-F(20) 2.64(6) 2.794(8) W(S)-F(T)  2.68(5) 2.828(7) F(S)-P(9) 3.0%(S) ' 2.726(8)

F(O-P(11) 1.82(7)  2.416(8)  P(6)-P(10) 2.78(6)  3.041(B) F(6)-F(6) 2.71(7) 3.88(2)

F(6)-F(6)  2.71(71)  3.88(2)  P(6)-F(9)  2.89(8)  2.593(9) P(8)-F(8) 2.76(S) 2.638(7)

F(D-F(8)  2.8004)  2.757(6) P(D-F(T)  2.94(5)  2.921(9) K(D-F(7)  2.94(5) 2.921(9)

F(ND-F(8)  2.91(4)  2.843(8)  TF(B)-P(8) 2.93(5)  2.816(9) F(B)-F(8) 2.93(5) 2.816(9)

F(9)-P(10) 2.53(4)  2.503(5)  F(10)-F(11) 2.26(5)  2.26(2) P(10)-F(10) 3.00(7) 3.24(2)

F(10)-F(10) 3.00(7) 3.24(2)

Fig.6. Coordination polyhedron around Na(3).
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The final neutron structure factors appear in Table 5, Table 4 (cont.)
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Fig.7. Coordination polyhedron around Li(1).
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Fig.8. Coordination polyhedron around Li(2).
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The Crystal and Molecular Structure of Vanadyldeoxophyllo-
erythroetioporphyrin-1,2-dichloroethane Solvate: an Analogue of Chlorophyll*

By ROGER C. PETTERSEN
Mellon Institute of Carnegie—Mellon University, Pittsburgh, Pennsylvania 15213, U.S.A.

(Received 28 October 1968 and in revised form T March 1969)

Single crystals of vanadyl deoxophylloerythroetioporphyrin-1,2-dichloroethane solvate,

C32H3aN4VO. CH4Cl,, were grown by a vapor-phase diffusion technique. Pertinent crystal data are:
space group P2/a, a=17-963 (3), b=13-961 (1), c=14-090 (3) A, =11697 (1)°, Z=4. The structure
was solved by locating the position of the vanadium atom from a three-dimensional Patterson map and
calculating successive Fourier series to locate the remaining atoms. A difference map revealed positions
for 28 of the 38 hydrogen atoms, and these were used in the refinement procedure. Full-matrix least-
squares calculations gave a final weighted R of 5-5% for approximately 2000 observed and unobserved
reflections. The inteiesting feature of this molecule is the effect of the fifth isocyclic ring, E, on the por-
phyrin skeleton. Results indicate that this ring introduces strain into the molecule and causes distortions
in the bond angles and most likely causes a shortening of the V-N bond to the ring C atom from an average
of 2:10 A for the other three V-N bonds to 1-96 A for the shortened bond. The carbon and nitrogen
atoms of the porphyrin skeleton are relatively planar and the vanadium atom lies 0-48 A out of the plane

of the four nitrogen atoms.

Introduction

In recent years new insights have been gained into the
structure of chlorophyll and its related compounds.
The basic structure of chlorophyll was worked out in
the late 1930’s by Hans Fischer (Fischer & Wenderoth,

* This investigation was supported in part by Public Health
Service General Grant No. FR-05580-013 from the National
Institutes of Health.

1940) and subsequently confirmed through a very elab-
orate synthesis by R.B.Woodward and associates
(Woodward, 1961). The accumulation of chemical in-
formation has recently made possible the description
of the absolute configuration of chlorophyll a (Fleming,
1967). Crystallographers have shown an interest in an
accurate structure determination for chlorophyll «, but
the obstacle has so far been one of obtaining suitable
crystals. At Mellon Institute an investigation has been
begun into the feasibility of growing crystals of mater-



