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Refinement of the Structure of Potassium Heptafluoroniobate, K2NbF7, 
from Neutron-Diffraction Data* 

BY GEORGE M. BROWN AND LEWIS A. WALKER~ 

Chem&try Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A. 

(Received 25 May 1965) 

The crystal structure of K/NbF7, determined originally from two-dimensional X-ray data, has been 
refined by the method of least-squares with three-dimensional data. The refinement included adjustment 
of the scattering factors of niobium and potassium relative to the fluorine scattering factor. For potas- 
sium the new value 0.370_+0.004 cm-a2 was found. Effects of extinction were minimized by omitting 
from the final refinement a number of the observations, as suggested by systematic analysis of the 
quality of agreement between calculated and observed F2 values as a function of observed intensity. 
Shifts of atomic positions by as much as 0.15 A occurred in the refinement, but the general description 
of the structure, including the description of the NbF~- ion, remains unchanged. The standard errors 
of the coordinates are about 0.001 A for the niobium atom and 0.002 to 0.003 ,~ for the fluorine atoms 
and the potassium ions. Analysis of the anisotropic thermal parameters shows that the NbF, 2- ion is 
a nearly ideal case for use of the 'riding' model in calculating bond-length corrections, and the Nb-F 
bond lengths have been corrected accordingly. Exceptionally large vibrational displacements of two of 
the fluorine atoms seem plausible in view of the packing in the crystal. 

Introduction 

Our interest in the crystal structure of potassium hepta- 
fluoroniobate, KENbF7, arose in connection with recent 
work (Keller, 1963) in this laboratory on the Raman 
and infrared spectroscopy of complexions of niobium(V) 
in hydrofluoric acid solutions. The original determin- 
ation of the KENbF7 structure (Hoard, 1939), from 
two zones of X-ray reflections showed that the NbF72- 
ion has approximately the symmetry Car. The poly- 
hedron of fluorine atoms was visualized as derived 
from an NbF6 group in the form of a trigonal prism 
by the addition of a seventh fluorine atom through the 
center of one square face, followed by some distortion. 
Although there was no particular reason to question 
the essential correctness of this structure, we thought 
it desirable to confirm the coordination about niobium 
and to refine the structure from three-dimensional 
neutron data. For KENbF7 it is advantageous to em- 
ploy neutron analysis, rather than X-ray analysis, for 
two reasons. First, the narrow range of values of the 
neutron scattering factors of K, Nb, and F nuclei en- 
sures that the structural parameters of all atoms will 
be determined with nearly the same degree of precision. 
Second, the low absorption coefficient of K2NbF7 for 
thermal neutrons makes it possible to obtain intensity 
data virtually free from absorption errors. 

Experimental data 
Unit-cell parameters 

The unit-cell parameters (Table 1) were redetermined 
from measurements of angles of Bragg X-ray reflect- 
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ions from a small crystal specimen. The measurements 
were made on a Picker diffractometer fitted with a 
General Electric single-crystal orienter. The translations 
a, b, c were determined from high-order reflections h00, 
0k0, and 00l for which the Cu Kcq-e2 doublet was res- 
olved. The monoclinic angle fl was determined directly 
by measurement of the angles between the reciprocal 
axes a* and c*. The new cell parameters are close to 
those of Hoard, but more precisely determined. 

Table 1. Unit-cell parameters of KENbF7 

Hoard* This researcht 

a 5"85 A 5.846_+ 0.003/~ 
b 12-67 12.693 _+ 0-006 
c 8"50 8"515 +0"004 
fl 90 ° 90-0 ° +_ 0-1 o 
Z 4 
Space group P21/c 

* 'Estimated limits of error' in translations are 0.02 to 
0.03 A. 

t The wavelengths assumed for Cu K~I and Cu K~2 radi- 
ation were 1.54050 and 1.54434 A. The indicated error for 
each parameter is the root-mean-square deviation from the 
mean of several observations. 

Intensity data 
A crystal specimen weighing 18-5 mg was selected 

from a bottle of reagent-grade material purchased from 
the Kawecki Chemical Company. Its over-all dimen- 
sions were about 1-3, 1.9, and 3.6 mm. Preliminary 
X-ray precession photography established that it was 
a single crystal. The crystal was mounted with the a 
axis (3.6 mm dimension) parallel to the spindle axis, 
then sealed inside a thin-walled tube of quartz, for 
protection from moisture. 

Intensity data were recorded by the 0-20 step-scan 
method with the Oak Ridge automatic neutron dif- 
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fractometer (Busing, Smith, Peterson & Levy, 1964).a [ 
Counts were recorded at 0.1 ° intervals over a 20 range 
of 5 ° centered around the expected peak position of  
each reflection. For each point in the scan counts were 
registered during the period (~  8 seconds) required for 
a counter monitoring the primary beam to register a 
preset fixed count. The neutron wavelength was 1.078 
~.  For the [100] and [001] zones, data were recorded 
out to 111 ° in 20, the limit of the accessible range. Sub- 
sequently the general reflections hkl were recorded in 
successive concentric shells in reciprocal space to the 
20 limit of ,-,85 ° , beyond which it appeared that the 
number of data with intensities above background 
would be small. Two reflections of high intensity, 400 
and 060, were recorded at regular intervals, after every 
50 observations, as a check on the performance of the 
instrument and the stability of the crystal. A number 
of other reflections were also observed more than once. 
In all, 1752 observations were made, corresponding to 
1355 independent reflections. 

Preliminary data processing 

In a series of calculations on the CDC 1604 and 
IBM 7090 computers the raw data on punched paper 
tape were converted into a set of least-squares data on 
cards. After a preliminary step* in which the net count 
N and the background count B under each peak were 
computed, the calculations* implied by the following 
equations were performed: 

FZo=AeSLN (1) 
cr2F2=(AeSL)2[N-b (1 + r)B] (2) 

where F ] is the observed value of the square of the 
structure factor; a2F2 is the variance of F2o from the 
counting statistics; S is a scale factor derived from the 
weight of the crystal specimen and measurements of 
the intensity of reflection 400 from a standard crystal 
of sodium chloride; Ae is the correction factor for ab- 
sorption; L is the Lorentz factor, sin 20; and r is the 
ratio of the number of points under the peak to the 
number of neighboring exterior points used in estab- 
lishing the background count. 

In the calculation of the absorption factors Ae (Wehe, 
Busing & Levy, 1962) the crystal specimen was des- 
cribed by specifying the equations of 13 surface planes. 
The value 0.243 cm -1, calculated from tabulated neut- 
ron cross sections (S.W.Peterson, unpublished) was 
used for the linear absorption coefficient. The largest 
factor A e was 1.044. 

For those reflections for which two or more obser- 
vations were made the average F 2 values and their ap- 
propriate variances were computed, using weights 
equal to the reciprocals of the variances of the indiv- 
idual observations. Negative values of F 2 were re- 
placed by zero values. Finally, an empirical correction 

* The indicated calculations were performed with computer 
programs of W. R. Busing. 

term (0.03 F 2 )  2 w a s  added to the variance tr22 of the 
average F 2 for each independent reflection. The extra 
term makes allowance for possible instability in the 
instrument, errors in corrections for absorption, def- 
iciencies of the structure model, and so forth (see 
Peterson & Levy, 1957). 

The entire procedure followed typically in neutron- 
diffraction analyses in this laboratory is presented in 
more detail in an earlier paper on problems and pro- 
cedures in data collection (Brown & Levy, 1964). The 
same paper presents a statistical analysis of consistency 
among the many replicate measurements of the two 
standard reflections, 400 and 060, of K2NbFT. 

" ; - -  ~ i"?'~ : IRelinement 

Refinement was carried out by the method of least 
squares, using various versions of the full-matrix least- 
squares program of Busing, Martin & Levy (1962). The 
function minimized was XWF2(F 2 -  F2) 2, where F 2 and 
F 2 are the observed and calculated structure-factor 
squares, and WF2 is the weight of the observation F 2, 
given by WF2 = 1/0"2F2. 

When the 288 data of the [100] and [001] zones had 
been recorded and processed, a least-squares calcula- 
tion was made to establish preliminary values of the 
isotropic thermal parameters B of the various atoms, 
since the work of Hoard did not provide any thermal 
parameters. In three cycles of least-squares adjustment, 
in which Hoard's atomic coordinates were held fixed, 
the values of B spread from the common assumed in- 
put value 1.0 ,~2 through the range from 1-03 ,~2 (for 
niobium) to 4.23/~2. The value of the discrepancy 
index 

RF2  = S, IF2o - F~l/2;F2o 

was reduced from 0.57 to 0.21 (omitting 28 reflections 
of uncertain sign). 

Fourier syntheses along [100] and [001] were com- 
puted with the use of the observed structure factors Fo 
with the signs of the structure factors Fc calculated after 
adjustment of the thermal parameters. The maps of 
nuclear scattering density were very similar to the 
electron-density maps of Hoard, except for the ex- 
pected changes in relative peak heights. It was clear at 
this stage that the Hoard structure is basically correct. 

The subsequent least-squares refinement on the 
three-dimensional data was generally straightforward. 
Special care was exercised, however, to evaluate the 
extent of extinction errors in the data and to minimize 
the effects of these errors. While refining the structural 
parameters, we were also concerned with the possibility 
of obtaining more reliable relative values of the scat- 
tering factors of potassium, niobium, and fluorine. 
Accordingly, we carried out six different refinements 
to convergence, as described in Table 2 and explained 
below. The convergence in every case was such that the 
final shift for each parameter was less than 0.02 times 
the corresponding standard error. 
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Soon  after  the th ree -d imens iona l  re f inement  was 
started,  compa r i son  of  the values F 2 and  F 2 showed 
t ha t  a n u m b e r  o f  the values F 2 for  reflections of  h igh  
in tensi ty  were in er ror  because of  ext inct ion.  To  estim- 
ate the  extent  o f  the errors,  we examined  plots  o f  the 
func t ions  <F2o>/(F~> and  <lF2o-F~l/avo> against  (Io>, 
where  Io=F2o/sin 20 and  the brackets  < > denote  an  
average value  over a small  range o f  Io. In  Fig. 1, curves 
(a) and  (b) show the plots  o f  these funct ions  after  
re f inement  to convergence  of  the a tomic  coord ina tes  
and  an i so t rop ic  the rma l  parameters*  and  the  scale 
factor ,  when  1354 F2o data** were inc luded (ref inement  
A in Table  2). The  plots  suggest tha t  the FZo values cor- 
r e spond ing  to Io greater  t han  abou t  40 (in units  o f  
10 -24 cm 2) are near ly  all low by a few per  cent  because 
o f  ext inct ion.  W h e n  ref inement  was carr ied to con-  
vergence omi t t ing  the da ta  cor respond ing  to lo> 40, 
the  scale fac tor  on  Fo 2 decreased, and  examina t ion  of  
the new fit o f  the da ta  showed tha t  even more  reflec- 
t ions  are affected by ext inct ion.  Thus ,  es t imat ion  of  the  
extent  and  magn i tude  of  ext inc t ion  errors is necessarily 
an  i terat ive process. In  our  final ref inement  (E)  we 
have  excluded 112 observat ions ,  all those  wi th  Io> 
19-80. The  curves (c) and  (d) o f  Fig. 1 show the general  
agreement  o f  Fo 2 and  F~ values in this case. The  choice 
o f  the final cut-off  level o f  Io is somewha t  a rb i t ra ry ;  
but ,  for tunate ly ,  it  appears  no t  to  be critical. Thus,  
compar i sons  of  entries B and  D and  of  entries C and  E 
of  Table  2 show tha t  the goodness  of  fit as measured  
by the values o f  al ,  the s t anda rd  devia t ion  of  an  obs- 
e rva t ion  o f  un i t  weight,I" is insensit ive to a change  in 

* The thermal parameters flu are the coefficients in the ex- 
ponent of the temperature factor e x p -  [fltlh2 +f122k2-Ff13312 4_ 
2#I 2hk + 2fll 3hl + 2f123kl]. 

** Reflection 342 was omitted from all refinements after it 
was noticed that the shape of its peak on the recorder chart 
was anomalous, probably because of an instrumental aber- 
ration. 

I" The quantity trl is given by the expression [2?wv2(FoE- 
FcE)/(n-p)] ~:, where n is the number of observations andp is the 
number of parameters adjusted. Unit value is expected for trt 
at convergence when the observational errors are normally 
distributed and correctly estimated and the model is correct. 

the cut -off  level o f  Io f rom 26.61 to  19.80. The  scale 
fac tor  is s imilar ly  insensit ive to this  change.  C o m p a r -  
ison o f  entr ies A, B, and  D shows tha t  the  fit is dist inct-  
ly poo re r  when  all o f  the da ta  are used in the refine- 
ment .  It  is o f  interest  tha t  the d iscrepancy factor ,  wheth-  
er calculated on IFI or  on  ]El 2, is a very unre l iab le  
index o f  qual i ty  of  fit in these refinements.:[: 

The  entries under  F show approx ima te ly  the  qua l i ty  
of  fit which  might  have  been expected i f  there  had  been  
no pe r tu rba t ion  f rom ext inct ion.  F o r  this re f inement  
the da ta  co r re spond ing  to Io > 19.80 were corrected by 
mul t ip l ica t ion  of  each F02 value by the reciprocal  o f  the  
ord ina te  read f rom the curve of  Fig. 1 (c) at  the app rop -  
r iate Io. 

The shapes of  the curves (a) and  (c) o f  Fig. 1 are no t  
precisely wha t  one migh t  expect. F o r  one  th ing,  it  
seems tha t  our  in tensi ty  measurements  for  the  very  
weak reflections are on the average slightly h igh be- 

:l: The fact that the discrepancy factor computed on IFI can 
equal or exceed the factor computed on I FI 2 has been discussed 
by Brown (1966). 
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Fig. 1. Curves showing the agreement between the values Fc2 

and Fo2 as a function of intensity (see text). The numbers at- 
tached to the data points are the numbers of reflections in- 
cluded in the ranges of intensity over which the averages 
were taken. 

Table  2. Description o f  the six different refinements to convergence 
In all six cases the scale factor on IFcl and the three coordinates and six anisotropic thermal parameters of each atom were 
adjusted. The scattering factor of fluorine was fixed at 0.55 x 10-12 cm throughout. The scattering factors of potassium and niob- 
ium were held fixed in refinements A, B, and D at 0-35 x 10-12 cm and 0-691 x 10-12 cm but were adjusted in C, E, and F. The 

values of the discrepancy indices in parentheses were computed from all 1355 data 
Number of Scattering factors derived Scale factor ( Z I I F o !  x -  IFclxI)IZlFol x 

Refinement data included (units of 10 -12 cm) derived x = 2  x =  1 at 
A 1355 not adjusted 0"984 + 0"003 0.081 0.090 1.20 
B 1278 not adjusted 1.006 + 0.003 0.095 0.103 1-14 

(Io < 26.61) (0.090) (0.092) 
C 1278 fNb =0"695 + 0"005 1"001 + 0"004 0"094 0"103 1"13 

(Io <_ 26"61) f~  = 0"370 + 0"004 (0"090) (0"092) 
D 1243 not adjusted 1.014 + 0-004 0.104 0.110 1.14 

(Io <_ 19.80) (0.094) (0.093) 
E 1243 f~rb = 0"692 + 0"005 1 "009 + 0"004 0"103 0"109 1"13 

(Io < 19"80) fK = 0"370 + 0"004 (0"094) (0"093) 
F 1355 fNb = 0"695 + 0"003 1"005 + 0"003 0"070 - -  1" 11 

(corr. data) f~: = 0.366 + 0.003 
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cause of some systematic errors of unknown origin, 
possibly effects of multiple reflection. Although curves 
(a) and (c) give a rather exaggerated impression of this 
effect, curves (b) and (d) show that the systematic error 
is not large in relation to the standard error of meas- 
urement. At high intensities the ratio (F2o)/(Fe) does 
not fall so abruptly from unit value as one would ex- 
pect for an extinction effect. The detailed shape of the 
curve will be affected, however, by anisotropy in the 
extinction and, possibly, by some errors from other 
sources. In any case, we make use of the curve mainly 
to avoid the inclusion of questionable data in the re- 
finement, not for any quantitative analysis of extinction 
effects. 

The sets of atomic coordinates from the various re- 
finements differ only slightly from each other. From 
refinements B, C, D, and E, the average ratio over all 
30 coordinates of the range of coordinate variation to 
the corresponding coordinate standard error is about 
0.3 and the extreme ratio is 0.7. Even when refinement 
A is included, the average and extreme ratios are only 
0.6 and 1.2. Between D and E, which differ only as 

K(2) 

@ 
F ( 7 ) @  

F (2) F (4) 

K (t1 ~ F(5) 

plane X= 0 " v ~ " ~ / - - - O 6 0 - - X ' ~ / -  

Fig. 2. Final composite th.ree-dimensional Fourier map of the 
asymmetric unit of the K2NbF7 structure. The direction of 
view has direction cosines 0.0, -0.669, -0.743 with respect 
to the crystal axes a, b, e. The contour interval is 0.5 in 
units of 10 -12 cm/~-3. The lowest contour is at the 0.5 level. 

regards adjustment offNb and fx,  the average ratio is 
0.2 and the extreme is 0.4. 

In general, the thermal parameters are different only 
by similar small amounts from one refinement to an- 
other. The largest shifts noted are the increases of about 
two standard deviations in the flu parameters of the 
potassium ions from B to C and from D to E, which 
accompany the increase in the value of fK. The in- 
clusion in refinement A of the data affected by ex- 
tinction is compensated for largely by a change in the 
scale factor, but partly by slight decreases in most of 
the flu. 

For no single parameter is there a significant change 
in the standard error from one refinement to another. 
It is interesting, however, that the computed errors of 
the flu parameters of niobium and potassium are all 
10 to 15% larger when fNb a n d f x  are included in the 
least-squares adjustment, reflecting the strong correla- 
tion between the scattering factor and the parameters 
flu of a given atom. 

It would have been unnecessary to adjust the scat- 
tering factorsfNb andfx ,  as was done in refinements C, 
E, and F, if these parameters had already been precisely 
determined. However, the tabulated values (Bacon, 
1963) offNb,fx,  a n d f r  are certainly subject to revision. 
They were determined from powder data, along with 
the scattering factors of many other elements, by Shull 
& Wollan (1951), who claimed in general only an ac- 
curacy of 3 to 4Yo. Hughes & Harvey's (1955) estim- 
ates of the standard errors of the coherent scattering 
cross-sections correspond to standard errors of about 
1.7, 3.5, and 4"0Yo in the valuesfNb,fx, andfF, respect- 
ively. Since scale factors are normally obtained in least- 
squares refinements of crystal structures with consider- 
ably smaller standard errors than these, it seemed to 
us desirable to attempt refinement of the relative values 
of the scattering factors. From our results (Table 2) the 
true value of fK relative to the value 0.55 cm -12 for 
fluorine* appears to be 0.370+ 0.004 cm -12, signific- 
antly different from the tabulated value 0.35 cm -az. The 
value off~b is not changed significantly. Although these 

* The choice of the scattering factor of fluorine as reference 
is arbitrary. 

Table 3. Final atomic coordinates and thermal parameters of the KzNbF7 crystal structure (from refinement E) 
Fractional coordinates x 10 4 

(standard errors x lOS) Thermal parameters x 105 (standard errors x 105) 

Atom x y z flll fl22 fl33 fl12 fl13 fl23 
Nb 2718(20) 1288(9)  2229(14)  799(36)  157(7)  376(15) 3(12) 34(17) 20(8) 
K(I) 2397(46) 4404(19) 1833(31) 1699(82) 232(15) 698(37)  -42(27) -37(41) -40(18) 
K(2) 7626(45) 2845(22) 4446(30) 1343(81) 424(18) 590(36) - 8(30) - 1(42) - 98(19) 
F(1) 463(28)  2431(13) 1994(20) 1188(46) 275(10) 759(22) - 152(18) 38(27) 10(13) 
F(2) 4573(31) 2567(14) 2114(24) 1198(47) 240(9)  1159(28)  1 1 6 ( 1 8 )  239(29) 99(14) 
F(3) 448(30)  1072(14) 3880(21) 1326(50) 355(11) 673(22) 59(18) -- 288(27) 48(13) 
F(4) 4599(31) 1107(16) 4101(20) 1263(50) 542(13) 530(21) 81(20) 2 2 3 ( 2 7 )  137(14) 
F(5) 2166(41) -207(15) 2159(30) 3041(81) 228(10) 1682(40) 296(22) - 1043(47) - 198(16) 
F(6) 1875(46) 1216(21) 63(25) 3675(90) 834(20) 633(24) -949(35) 628 (39 )  -278(19) 
F(7) 5572(31) 792(15)  1317(24) 1336(52) 407(12) 927(26) - 142(20) - 337(29) 15(14) 
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T a b l e  4 .  Observed and calculated structure-factor squares 
Reflections are identified by the indices h and l in the sub-headings and the index k under the main heading K. For each reflection 
iFc(hkl)l 2, IFo(hkl)l 2, and the standard error a~z (SIG) are given (all in units of  ]0  -26 cm2), along wi th  the sign of Fc(hkl). A letter 
to the left of  an index k indicates omission of  the reflection in the final refinement, because of ext inct ion error (E), an aberrant 

measurement (A), or a missing observation (M) .  
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results should  not  be taken as final, we  bel ieve that The  a tomic  coordinates  and thermal parameters  
col lect ion o f  a large b o d y  of  scattering-factor data from from refinement E should  in principle be the mos t  reli- 
least-squares refinements o f  m a n y  different crystal able. In any case, as already discussed,  these param- 
structures may  lead, on careful evaluat ion,  to a more  eters differ only  slightly from those  o f  the other sets. 
reliable set o f  nuclear scattering factors o f  the elements.  We  therefore report them and their standard errors in 
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Table 3. When converted to A, the standard errors of 
the coordinates amount to about 0.001 A for the 
niobium atom and 0.002 to 0.003 A for the fluorine 
and potassium atoms. 

Table 4 presents the values Fo 2, aF2, and F~, with 
the sign of Fc, for all of the observations. 

A composite three-dimensional Fourier map is 
shown in Fig. 2. The Fo coefficients used in the synthesis 
were obtained from the set of F2o data corrected for 
extinction that was used in refinement F. The signs 
were from the Fc values computed with the use of the 
parameters in Table 3. A final three-dimensional differ- 
ence map showed only random background ripples. 
The greatest excursion of density on each side of zero 
was in magnitude only about 2% of the peak density 
of the niobium atom. 

Structure and thermal motion 

Structure 
An understanding of the sense in which our results 

confirm those of Hoard may be reached quickly by 
viewing the shifts of atomic positions between the two 
structures (Table 5). The shifts are small in the sense 
that the basic geometric description of the crystal 
structure remains unchanged, including the description 
of the distorted NbF~- anion. On the other hand, the 
shifts are all large relative to the standard errors. The 
direction of the shifts of the various atoms vary widely. 
The two largest shifts, those of F(3) and F(6), are at 
right angles. 

General features of the crystal structure are shown 
in the stereoscopic view of Fig. 3. This view, showing a 

Table 5. Shifts of atomic positions in the refinement of 
K2NbF7 

Atom Shift Atom Shift 
Nb 0"036 A F(3) 0-106 A 
K(1) 0.046 F(4) 0"030 
K(2) 0-066 F(5) 0.074 
F(1) 0-026 F(6) 0.154 
F(2) 0.060 F(7) 0.088 

ball-and-stick model for the complex ion NbF~-, com- 
plements the packing drawing shown by Hoard in his 
Fig. 3(b).* 

Details of the structure of the complex ion NbF72- 
are shown in Fig. 4, where N b - F  bond lengths and F - F  
neighbor distances are given, and in Table 6, where 
F - N b - F  angles are given.]" The first value in Fig. 4 for 
each N b - F  bond length is the value of the internuclear 
separation computed directly from the coordinates of 
Table 3. The second value, in parentheses, has been 
corrected for the effects of thermal motion by the 
method of Busing & Levy (1964), assuming the so-called 
'riding' model (see the discussion of thermal motion 
below). The range of N b - F  bond lengths after cor- 
rection is 1.940--1.978 A, only half as wide as the range 
1.911-1.971 A before correction. 

The widely varying intraionic F -F  neighbor dis- 
tances (2.357-2.912 A) and F - N b - F  valence angles 

* In comparing our Fig. 3 with Hoard's Fig. 3(b), one should 
note that the latter drawing is based on a left-handed coordin- 
ate system. 

t The program of Busing, Martin & Levy (1964) was used 
in calculating distances and angles and in analyzing the thermal 
parameters. The least-squares covariance matrix was used in 
calculating standard errors. 

O 
O 

O 

) 0 
) 

( 

© 

Fig. 3. Stereoscopic view of the K2NbF7 crystal structure. The direction of view is that of the vector - a .  The axis b is vertical 
from top to bottom and the axis e is horizontal from left to right in the view. The reference asymmetric unit is the one within 
the cell outline at the upper left. 
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Fig.4. Interatomic distances (/~,) in the NbF~- ion. The Nb-F distances in parentheses have been corrected for thermal motion 
('riding' model). The computed standard errors are 0.002 ,~ to 0.003 A for the uncorrected Nb-F bond lengths and 0.003 A 
to 0.004 A for the F-F distances. The corrected bond lengths are thought to be accurate within 0.01 A. 

(73.860-97.74 ° ) describe the irregular shape of  the ion. 
The irregularities are, presumably,  the result of  elec- 
trostatic interactions between the fluorine atoms in the 
anion and the potassium ions which surround it. Fig. 5 
shows the a r rangement  of  the potassium ions about  

3.606~~ ~ 9 

~ ~  2.826 

Fig. 5. The NbF~- ion and surrounding K ÷ ions in the K2NbF7 
structure (parallel projection). The computed standard er- 
rors of the K-F distances are 0.003 A to 0.004 A. 

the anion, with all of  the K - F  near-neighbor distances 
given. Atoms  F(1), F(2), F(3), and F(4) are each in 
contact  with three potassium ions in an approximate ly  
tr igonal a r rangement  about  the axis through niobium 
and fluorine. Atoms  F(5), F(6), and F(7) are each in 
close contact  with only two potassium ions, a l though 
F(5) and F(6) each have an addit ional  potassium neigh- 
bor  at  a distance distinctly greater than  the average 
K - F  distance. The shortest  three of  the seven N b - F  
bonds are those involving these fluorine a toms having 
only two potassium near  neighbors. 

Table 6. Angles F(i)-Nb-F(j) in the NbF~-  ion 
The standard errors of these angles are all about 0.1° 

i j Angle 
7 2 76-9 ° 
7 4 78.7 
7 5 79.2 
7 6 79.7 
2 6 97.7 
4 5 90.2 
2 4 80.0 
5 6 83.1 
1 2 75.8 
1 6 76.4 
3 4 77.2 
3 5 76.7 
1 3 73.9 

Fig. 6. Perspective views showing the coordination about K(1) and K(2) in K2NbFT. 
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The ninefold coordination about each of the two 
potassium ions (Fig. 6) may be conceived as derived by 
considerable distortion from an arrangement in which 
eight fluorine atoms are at the corners of a cube and a 
ninth atom projects from one cube face. The range of 
K - F  distances is much the same for the two potassium 
ions. 

The shortest interionic F - F  distances are: 3.07 A 
between F(2) and F(4) in glide-related ions; 3.08 A 
between F(7) and F(7) centrosymmetrically related 
(compare with Hoard's  distance 2.91 A); and 3.18 A 
between F(6) and F(7) in centrosymmetrically related 
ions). There are many F - F  distances near 3.30 A. The 
range of F - F  distances is quite normal. 

Thermal motion 
Principal-axis transformations have been performed 

on the thermal-parameter ellipsoids of the ten atoms 
of the asymmetric unit. The root-mean-square axial 
displacements and the axial orientations are given in 
Table 7. The thermal motion of the NbF~- ion and the 
10 K + ions which surround it can be visualized readily 
from the stereoscopic drawing of Fig. 7, in which the 
direction of view is almost the same as that in Figs. 4 
and 5. In the drawing the thermal motion of each atom 
is represented by a thermal-motion probability ellipsoid 
(Johnson, 1965) centered at the mean position of the 

atom. The lengths of the principal axes represent the 
r.m.s, vibrational displacements in the principal-axis 
directions on a scale 2.25 times that of the inter- 
nuclear separations. The ellipsoids are, therefore, the 
83 Yo probability ellipsoids. 

Originally we had supposed that the thermal param- 
eters of the atoms of the NbF72- ion would likely be 
interpretable readily in terms of rigid-body motion of 
the ion. One can see, however, merely from inspection 
of Fig.7 that the large r.m.s, displacements of F(5) 
and F(6) are inconsistent with the rigid-body model. 
Detailed analysis (Cruickshank, 1956) does show that 
the thermal parameters of the other six atoms describe 
fairly well the motion of a rigid structural unit. The 
analysis is of doubtful utility, however, because its 
ultimate purpose, the correction of bond lengths, can 
be achieved in a more direct manner in this particular 
case through use of the 'riding' model (Busing & Levy, 
1964). 

That the riding model is appropriate for calculation 
of corrections to the N b - F  bond lengths is a direct 
conclusion from consideration of data in Table 7. The 
motion of the niobium atom is almost exactly isotropic. 
For each fluorine atom F(i) the principal axis along 
which the r.m.s, displacement is least is nearly parallel 
(within 8 °) to the corresponding vector Nb --+ F(i). The 
r.m.s, displacement along this axis is in each case very 

Table 7. Description of atomic thermal-parameter ellipsoids: orientations of the principal axes and root-mean-square 
axial displacements 

The orientation of each principal axis is specified with respect to the crystal axial vectors a, b, e and, for each fluorine atom F(i), 
with respect to the vector Nb ~ F(i). Standard errors appear in parentheses. 

Angle (o) to reference axis 
Principal R.m.s. ^ --, 

Atom axis displacement a b c Nb ~ F(i) 
Nb 1 0.110(3) .~ 77(15) 141(13) 54(9) -=- 

2 0.116(3) 37(15) 61(17) 70(15) - -  
3 0.123(3) 56(14) 113(10) 137(9) - -  

K(1) 1 0.134(4) 81(5) 161(6) 107(7) --  
2 0.162(4) 97(17) 108(7) 19(10) - -  
3 0.173(4) 11(11) 84(7) 81(16) - -  

K(2) 1 0.140(5) 88(17) 110(3) 160(4) - -  
2 0.153(5) 178(15) 90(7) 92(16) --  
3 0.191(4) 91(5) 160(3) 70(3) - -  

F(1) 1 0.125(3) 40(3) 130(3) 85(3) 172(3) 
2 0.165(3) 53(15) 41(11) 75(52) 83(4) 
3 0.168(3) 77(33) 82(40) 165(50) 87(7) 

F(2) 1 0.126(3) 131(6) 139(6) 90(3) 172(6) 
2 0.146(3) 135(6) 52(6) 111(2) 82(6) 
3 0.214(3) 75(2) 104(2) 159(2) 90(1) 

F(3) 1 0"125(3) 44(2) 76(3) 130(2) 172(2) 
2 0.172(3) 113(16) 24(20) 95(19) 86(4) 
3 0.177(3) 125(12) 108(24) 139(4) 96(3) 

F(4) 1 0.120(4) 123(4) 81(2) 145(3) 178(3) 
2 0.155(3) 145(3) 108(2) 61(4) 91(4) 
3 0.217(3) 80(2) 160(2) 107(1) 92(1) 

F(5) 1 0.122(3) 102(2) 166(1) 96(2) 5(1) 
2 0-175(3) 138(1) 85(3) 49(1) 89(3) 
3 0.296(3) 129(1) 77(1) 138(1) 95(1) 

F(6) 1 0.132(3) 104(3) 97(3) 165(1) 5(3) 
2 0.174(3) 135(1) 46(1) 85(4) 86(4) 
3 0.328(3) 132(1) 135(1) 75(1) 92(1) 

F(7) 1 0.132(3) 30(2) 106(3) 115(2) 4(3) 
2 0.181 (3) 90(4) 32(5) 122(5) 94(3) 
3 0-201(3) 120(2) 117(6) 137(5) 89(2) 
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Fig. 7. Stereoscopic view showing thermal-motion probability ellipsoids of the NbF~- ion and the surrounding K + ions. 

close in magnitude to the isotropic displacement of the 
niobium atom. The two larger displacements of each 
atom F(i) are nearly perpendicular to the Nb ~ F(i) 
vector. Evidently, the motion of each fluorine atom is 
to a close approximation a librational motion about 
the central niobium atom compounded with the trans- 
latory vibrational motion of the niobium atom. Thus, 
the NbF~- ion is an almost ideal case for use of the 
riding model in computing corrections to bond lengths. 

The exceptionally large vibrational displacements of 
F(5) and F(6) seem plausible in view of the packing 
about these atoms. As already noted, the arrangement 
of potassium ions about F(5) and F(6) is different from 
that characteristic of most of the other fluorine atoms. 
The large displacement, for F(5) and for F(6), is nearly 
perpendicular to the plane of the fluorine atom and its 
two close potassium neighbors. The relation of two 
F(7) atoms across a symmetry center at the unusually 
short distance 3.08,8, is just such as to inhibit the similar 
large displacement that might be expected for atom 
F(7). 

We thank Dr O. L. Keller for suggesting this research 
and Dr H.A.Levy for helpful advice and criticism. 
We are grateful to Dr C. K. Johnson for much assist- 
ance in the preparation of our drawings, most of which 
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