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The Crystal Structure of Nickel Salicylaldoxime* 
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(Received 7 September 1955) 

T h e  s t r u c t u r e  of n i cke l  s a l i cy l a ldox ime ,  Ni [OCCeH4CH = N O t t ]  2, ha s  b e e n  s t u d i e d  b y  X - r a y  single-  
c ry s t a l  m e t h o d s .  T h e  u n i t  cell is m o n o e l i n i c ,  space  g r o u p  P21/n, t w o  m o l e c u l e s  p e r  u n i t  cell, a n d  
a ---- 13.83, b ---- 4.89, c ---- 10.20 A, fl --- 110 ° 26' .  T h e  n i cke l  a t o m s  are  r e q u i r e d  to  be  a t  s y m m e t r y  
c e n t e r s  a n d  t h e  b o n d s  a r o u n d  t h e  n icke l  a t o m  m u s t  be  in  a trans p l a n a r  a r r a n g e m e n t .  T h e  w h o l e  
m o l e c u l e  is p l a n a r .  T h e r e  a p p e a r s  to  be  a v e r y  s t r ong ,  sho r t ,  h y d r o g e n  b o n d  (2-52 A) b e t w e e n  t h e  
p h e n o l i c  o x y g e n  a t o m  of  one  o rgan ic  r e s idue  a n d  t h e  o x i m e  o x y g e n  a t o m  of t h e  s e c o n d  o rgan ic  
r e s i due  in e a c h  molecu le .  

1. Introduction 

This laboratory has been investigating the structures 
of chelate complexes of analytical importance for the 
past few years. One of the substances used for the 
precipitation of nickel is salicylaldoxime (Ephraim, 
1931). A preliminary investigation of the structure of 
nickel salicylaldoxime was made by Cox, Pinkard, 
Wardlaw & Webster (1935), who showed the crystals 
to be monoclinic, space group, P21/n--C~h; a---- 13.63, 
b = 4-89, c = 10.20 J~, fl -- 110 ° 30' and Z = 2. Since 
the nickel atoms must be at symmetry centers and 
the molecules must be centrosymmetrical, this sub- 
stance was selected for further study because of the 
ease of determination and, furthermore, the com- 
parison of this structure and that  of nickel dimethyl- 
glyoxime (Godycki, Rundle, Voter & Banks, 1951; 
Godycki & Rundle, 1953) might b'e interesting. 

2. E x p e r i m e n t a l  

The salicylaldoxime used was an Eastman Kodak Co. 
product, m.p. 56.5-57.5 ° C. with a slight tan color. 
Its nickel salt was formed according to the method 
employed by Cox et al. (1935). The green precipitate 
was filtered, washed with cold water, sucked dry on 
a Buchner funnel and allowed to dry overnight in 
the air. Single crystals were grown by dissolving some 
precipitate in boiling chloroform, allowing the chloro- 
form to cool and then to evaporate slowly at room 
temperature. Small plates with an average size of 
about 1.5 × 1.0 × 0.5 mm. result. Small, needlelike 
crystals with a nearly uniform diameter of about 
0.5 ram. were selected for X-ray work. The unit-cell 
dimensions were obtained from measurements of rota- 
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tion and precession photographs around the principal 
axes. Since the repeat distance was appreciably longer 
than that  reported by Cox et al. (1935), this distance 
was carefully determined by superimposing the (600) 
and (10,0,0) reflections and a sodium chloride powder 
pattern on the same film. The parameters are 

a -- 13.83, b -- 4.88, c -- 10.20/~ 
fl = 110 ° 26' (by method of co separations). 

The space group is uniquely determined by the system- 
atic extinctions to be P21/n (Cox et al. (1935) reported 
P21/m apparently owing to a typographical error). 
The observed density of 1.73 g.cm. -3 indicates two 
molecules per unit cell; calculated dens i ty- -1 .70  
g.cm. -3. The molecules must be centrosymmetrical 
with nickel atoms at symmetry centers. 

Multiple-film equi-inclination Weissenberg photo- 
graphs were taken about [010] for layers n - - 0  to 
n = 3  and about [001] for layers n = 0  to n = 5  
with Cu Ka  radiation. Altogether 1097 reflections of 
measurable intensity were observed and, in addition, 
200 reflections were observed to be absent either owing 
to systematic space-group extinctions or to the fact 
that  they were too weak to be recorded. Intensities 
were estimated visually by comparison with an in- 
tensity strip prepared by a series of timed exposures 
of typical reflection. A film factor of 3.7 was used. 
Intensities were corrected in the usual manner for 
Lorentz and polarization factors and for oblique 
penetration of the film by the X-rays and the time 
factor of reflections on non-equatorial layers. All in- 
tensities were reduced to a common level by cross- 
comparison of reflections common to pairs of films. 

After the first refinements had been completed, 
there were still several large discrepancies between 
observed and calculated structure factors which might 
have been due to secondary extinction or absorption 
effects. Consequently, all (hO1) reflection intensities 
were measured again on the Weissenberg camera, 
using a smaller crystal of about 0.05 × 0-04 mm. cross 
section and Mo Kc~ radiation. Also the intensities of 
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the (112), (21i), (212), (311), (312), (424) and (523) 
reflections were similarly remeasured. Eas tman Kodak 
No-Screen X-ray films interleaved with 1.1 mil copper 
foil were employed and the film factor was experimen- 
tal ly determined to be 3"9. The intensities of the (hkO) 
reflections were likewise remeasured on the precession 
camera, using the same small crystal and Mo K~ 
radiation. 

3. The  s t ruc ture  d e t e r m i n a t i o n  

Since the nickel atoms are located at symmetry  centers 
(000) and (½, ½, ½), most reflections of the type  (hO1) 
should have positive structure factors, especially if 
F o is large. One can start  immediately with an elec- 
tron-density projection upon (010), using about 142 
(hO1) reflections which have .F o values larger than 5 
and assigning these structure factors positive signs. 
Actually a Patterson function projected upon (010) 
was prepared and structure factors were calculated 
for the reflections from the positions of the atoms read 
from this projection. The projection shows quite clearly 
a picture of the molecule. After each electron-density 
projection, the centers of the atoms were determined 
by the method of Carpenter & Donohue (1.950). New 
structure factors were calculated and the least-squares 
best values of/c, the scale factor, and B, the coefficient 
in the exponent of the isotropic temperature factor in 
equation (1), were determined. 

kFo = ]F¢] exp [ - B  sin 2 0/A ~] . (1) 

The atomic scattering factors used in the preliminary 
structure-factor calculations were taken from the 
Internatlonale Tabellen (1935) Mth  corrections for 
nickel for the dispersion due to the K electrons with 
Cu Kc~ radiation being applied according to the for- 
mulas of HSnl (1933) (see also James, 1950). 

After the fourth electron-density projection upon 
(010) there were no further sign changes in the struc- 
ture factors and this method of refinement was dis- 
continued. The value of R, defined by 

I 

0 ~, ~ ~ 
a 

Fig. 1. Electron-density projection of one asymmetric unit of 
nickel salicylaldoxime upon (010); Cu Ka data. Contours 
are at intervals of 1 e.~k -~', starting with 3 e.A -2, except 
around the nickel atom where the intervals are 3, 5, 10, 15, 
20 and 25 e.A -~. 

R -- X[IcF o -  IF~I exp ( - B  sin S Ol~.2)]--XkFo, 

was, however, still 0.24, using all 164 observable 
reflections of the type (hO1). Fig. 1 shows the fourth 
electron-density projection upon the (010) plane. 

With  the x and z parameters of the atoms now 
fairly well established, it was necessary to find the 
y parameters. A first approximation was obtained by 
noting tha t  the projected bond lengths parallel to [100] 
were much shorter than the accepted values for the 
bond lengths, while the projected lengths of bonds 
perpendicular to [100] were about normal. Using 
Pauling's (1948) values of bond lengths, the average 
angle of tilt was about 49~ ° about an axis lying in the 
[010] plane and making an angle of 39½ ° with [001] 
in obtuse ft. Assuming tha t  the molecule was planar 
and was tilted in this manner, it was possible to cal- 
culate approximate values of the y parameters of the 
atoms. 

Structure factors were then calculated for the 1097 
observed reflections. The value of R, defined above, 
was 0-47. Three bounded electron-density Wojections 
for the mat ter  in the region x = 0 to a, y = 0 to b 
and z -- 0 to ½c reduced R to 0.33 for the 450 reflec- 
tions employed. A three-dimensional electron-density 
synthesis was calculated for thirteen sections parallel 
to (010). The intervals chosen were x = 0 to ½a by 
sixtieths, z = 0 to c by sixtieths and y = 0, 1, 2, 3, 4, 
5, 6, 7, 8, 10, 11, 12 and 14 thirt ieths of b. 

Centers of atoms were again calculated by the 
method of Carpenter & Donohue (1950); structure 
factors were calculated and least-squares best values 
of/c and B were obtained. The value of R for all 1097 
observed reflections was 0.32 while R f0r 0~fly the 
(hO1) reflections was 0.22, showing tha t  the greatest 
errors were in the y parameters. 

The y parameters were refined by one application 
of the method of least-squares as .developed by Hughes 
( 1941), using the relationship 

Ay~ - X(Fo-Fc)~Fc/~yi  
X(~Fd~y~)~ • 

Reflections whose signs of Fc were uncertain were 
given weights of zero and all others were weighted 1 
in this approximation. R was reduced to 0.27 by this 
refinement, including all 1297 reflections whether 
observed or not. In  the case of an unobserved reflec- 
tion, Fo-Fc was taken as zero ii Fc was less than half 
the minimum observable value for tha t  region of the  
film and otherwise it was taken as ½Fm~,.-Fc, where 
Fmi,. is the minimum observable value for tha t  region 
of the film. 

The least-squares refinement was applied to all 
parameters and after calculating new structure factors 
and k and B values, R felt to 0.24 for all 1297 reflections 
and was 0.19 for the (hO1) reflections. A further refine- 
ment of the y parameters only, by the method of least- 
squares, brought no improvement and only slight 
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shifts of the atomic positions. An at tempt to apply an 
anisotropic temperature factor was unsuccessful. 

In order to reduce the value of R still further, 
molybdenum data for (hO1) and (hk0) reflections and 
a few other reflections with large discrepancies were 
obtained, as described above. The x and z parameters 
were refined by two difference syntheses, using the 
(hOl) data. The difference syntheses indicated that  the 
thermal vibration was much less for the nickel atom 
than for the other atoms. Consequently, two values of 
B were used in subsequent calculations, i.e. B =  1.50 ~ 
for the nickel atom and B = 2-85 J~2 for the lighter 
atoms. Structure factors were calculated for the (hO1) 
reflections, using McWeeny's (1951) values for atomic 
scattering factors for carbon, nitrogen and oxygen 
atoms. The value of R was 0.13. 

The (hkO) molybdenum data were employed for a 
calculation of the projected electron density on (001) 
and also for one difference synthesis. The value of R 
fell to 0.20 for this zone. 

Structure factors for all reflections were then cal- 
culated, using the parameters refined, as described 
above, and McWeeny's (1951) scattering factors. The 
value of R for the reflections measured with CuK~ 
radiation was 0.19 while the value for all reflections 
measured with Mo K~ radiation was 0.15. The hydro- 
gen atoms were included in this calculation. The hydro- 
gen positions were calculated from the equation of the 

Table 1. Atomic parameters in nickel salicylaldoxime 

x/a y/b ~/c x/a y/b z]c 
Ni 0.000 0.000 0.000 
O 2 --0.096 0.260 --0.002 
C a --0.091 0.435 0.109 
C 4 --0.176 0-605 0.081 
C~ --0.180 0-793 0-184 
C~ --0.101 0-811 0.311 
C~ --0-013 0-649 0"336 
C s --0.010 0.466 0-230 
C~ 0.076 0.286 0.265 

Nlo 0.093 0.086 0"177 
Oil 0-184 --0.043 0.233 
Hz2 --0-238 0"575 --0-020 
Hla --0.238 0-920 0"169 
I-I1, = --0"103 0-986 0"395 
~-I~s 0.047 0.663 0.429 
Hi6 0.137 0-311 0"363 
Hl~ 0.178 --0"173 0"156 

plane of the molecule, using a C-H bond distance of 
1.05 J~ and angles of 120 ° with C-C bonds. The 
hydrogen attached to the oxime oxygen was placed 
1.0/~ from that  atom and on a line between that  
atom and the neighboring phenolic oxygen. 

Values of the atomic parameters are shown in 
Table 1; interatomic distances and bond angles are 
shown in Fig. 2. 

All atoms of the molecule lie nearly on a plane. 
The equation of the least-squares best plane in terms 
of the unit-cell vectors is 

x+O.3893y-O.7112z = O. 

Distances of the atoms from this plane vary from zero 
to 0.05 ~, with an average value of 0-02 A. 

Tables of Fc and Fo are available upon request to 
the authors.* 

4 .  D i s c u s s i o n  o f  s t r u c t u r e  

The average length of the benzene ring bonds is 1-39 ~, 
which is in good agreement with the generally accepted 
value of 1.39-1.40 ~. The benzene ring bonds vary in 
this determination from 1.36 to 1-41 ~. The molecule 
turns out to be nearly planar with no atom more than 
0.05 ~ from the least-squares best plane. 

Infra-red measurements, carried out by Mr Jack 
Young, indicate an O~-Oll hydrogen bonded distance 
of 2.47 ~, which is in close agreement with the distance 
of 2-52/~ calculated from this structure determination. 

There is some evidence of resonance in the six- 

* They have also been deposited as Document  No.4728 with 
the ADI  Auxiliary Publicat ions Project ,  Photoduplicat ion 
Service, Library  of Congress, Washington 25, D.C., U.S.A. 
A copy may  be secured by  citing the Document  number  
and by  remitt ing $2-50 for photoprints ,  or 81.75 for 35 ram. 
microfilm. Advance paymen t  is required. Make checks or 
money orders payable  to:  Chief, Photoduplicat ion Service, 
Library of Congress. 
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Fig. 2. Interatomic distances and bond angles in nickel salicylaldoxime. 
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membered  ring containing the  nickel atom. Each  single 
bond appears to be 0-04-0.12/~ shorter t han  a normal  
single bond, and the  double bond appears to be 0.15 J~ 
longer t h a n  the normal  isolated double bond. The 
double bond between C3 and C s, which is involved in 
the s ix-membered chelate ring and the benzene ring, 
is the shortest (1.36 /k) of the  bonds in the benzene 
ring. Since the  true values for the Ni -O and N i - N  
bonds are not  precisely known, it  cannot be s tated 
defini tely t ha t  these bonds are shortened. If  there 
real ly is some resonance in this  chelate ring, then  some 
4d orbitals mus t  be involved. 

The short  O - 0  hydrogen bond distance was un- 
expected. The two oxygen atoms in this  complex are 
bonded different ly and  are not  exact ly  similar,  as 
they  are in nickel d imethylg lyoxime in which Rundle  
& Parasol  (1952) believe there is a symmetr ica l  hydro- 
gen bond. I t  is probable tha t  the  bond is not sym- 
metr ical  in this  complex al though it  is very  short. 

There are no unusua l ly  close approaches between 
atoms of different molecules and thus  the  crystal  must  
be held together  pr imar i ly  by  van  der Waals  forces. 
There is no indicat ion in  this  complex of n ickel -  
nickel bonding as there is in  the nickel dimethyl-  
glyoxime crystals (Godycki & Rundle,  1953). 

Before a n y  conclusions can be drawn about  the 
distort ion of the  sal ieylaldoxime molecule upon forma- 
t ion of the  nickel complex the structure of salicyl- 
a ldoxime mus t  be determined.  We hope to work upon 
this s tructure in the  near  future.  

This work was carried out under  contract  with the  
Office of Nava l  Research and the Office of Ordnance 
Research, and the authors wish to acknowledge this  
support  with sincere thanks.  Some of the ins t ruments  
used were purchased by  a Frederick Gardner Cottrell 
grant  from the Research Corporation, to whom they  
also express thanks.  
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High-Temperature  Structure Transitions in Sodium Niobate* 
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(Received 12 August 1955 and in revised form 11 November 1955) 

A detailed X-ray 'powder' study of sodium niobate at high temperatures has confirmed the con- 
clusion, reached from optical investigations on single crystals, that  the crystal structure does not 
become strictly cubic until  the temperature reaches 650 ° C. 

At temperatures between 420 ° C. and 480 ° C. the X-ray evidence is consistent with a slightly 
distorted multiple unit cell with a tetragonal axial ratio very near to 2. At temperatures above 
480 ° C. tetragonal-type diffraction line splitting reappears and the axial ratio increases to 2-0038 at 
560 ° C. This effect is accompanied by a reduction in the intensity of superlattice reflexions. At 
6400 C. both these reflexions and the line splitting disappear, indicating a completely isotropic 
perovskite-type structure. 

An explanation of the X-ray effects is suggested in terms of atomic displacements. 

1. Introduction 

Single-crystal X- ray  studies of sodium niobate  
(NaNbOa) by  Wood (1951) and Vousden (1951) have 

* Communication from the Staff of the Research Labora- 
tories of The General Electric Company Limited, Wembley, 
England. 

shown tha t  the room- tempera tu re  structure is ortho- 
rhombic.  The structure m a y  also be referred to a 
pseudo-cubic perovskite-type uni t  cell with mono- 
clinic axes. The presence of extra X-ray  reflexions 
indicates tha t  this  cell is multiple,  containing 16 
molecules  and possessing doubled a 0 and c o dimen- 


