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ABSTRACT 

The crystal structures of two peroxovanadate(~) complexes, 

NH~[vo(o~)~(NH~)] (I) and NHB[vo(o~) (~20) (~5~ 3 ~ ( ~ 0 0 ) 2  ) I  *XH20 

(x- 1.3) (II), were determined from.three-dimensional x-ray 

diffraction intensity data collected by counter methods on a 

computer controlled Picker four-circle diffractometer. The data 

for (11) was collected at -lOOOc by using a Joule-Thomson low 

temperature device. The phase problem was solved using the 

Patterson synthesis for (I) and Symbolic Addition Procedures 

for (11). Refinement by full-matrix least-squares methods gave 

conventional R values of 3.1% for both the 566 reflections 

observed for (I) and the 1331 reflections observed for (11). 

The compound (I) crystallizes in the orthorhombic space 

group P,,, with four formula units in a cell of dimensions 

a = 8.370(2), b = 6.877(1), and c = 9.244(2) A .  The coordination - - - 
of the vanadium atom can best be described in terms of a 

pentagonal pyramid, the four oxygens of the two peroxo groups 

and the nitrogen atom of the NH3 group forming the distorted 

base of the pyramid, while the vanadyl oxygen atom occupies the 

apical position. Each ion has crystallographic mirror symmetry, 

the peroxy groups being the only nonhydrogen atoms lying off 

the mirror plane. Analysis of the motion of the anion as a rigid 

body yields bond lengths of 1,883(3) and 1.882(3) A for the 

v - o p e r ~ x ~  bonds, 1.606(3) 4 for the V=O bond, 2.110(4) A for the 

V-NH3 bond, -and 1.472(4) A for the 0-0 bond. 



The compound (11) crystallizes in the monoclinic space 

group C2/c with eight ft~imula units in a cell having lattice 

constants - a =11.307(2), - b = 25.490(5), - c =8.316(2) A and 

k = 96.90(1)" at -100(2)"~. The structure is comprised of two 

crystallographically different ammonium ions, one lying on a 

two-fold axis and the other on a center of symmetry, and a 

vanadium based anion. These ions are held together by both 

electrostatic forces and extensive hydrogen bonding. The vanadium 

atom environment is a seven coordinate distorted pentagonal 

bipyramid, with a vanadyl oxygen atom and a water molecule at 

the apices and a peroxy group, the nitrogen atom from the 

pyridine ring and one oxygen atom from each carboxylate group 

forming an approximate pentagonal plane. The vanadium atom is 

displaced 0.25 A from the equatorial 'plane1 towards the vanadyl 

oxygen atom. Interatomic distances within the anion are 1.870(2) 

and 1.872(2) A for the V-O,,rox,, bonds, 1.579(2) A for the V=O 

bond, 2.053(2) and 2.064(2) A for the V-OoarbOx,,, ,, bonds, 
2.211(2) A for the V-Ow,,,, distance, 2.088(2) A for the V-N 

distance, and 1'.441(2) a for the 0-0 bond. 
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CHAPTER 1 

3 FTRODUCTION 

J 

The chemistry of the transition metal peroxy complexes 

has been extensively investigated1, but, prior to the last 

decade, relatively few structural studies had been carried 

out. In the last ten years, however, the number of structure 

determinations has increased markedly as computer hardware and 

software became more accessable to crystallographers, but the 

majority of the structural work on the transition metal peroxy 

complexes has been limited to those of chromium, molybdenum 

and cobalt. 

The earliest structural work known for the peroxovanadate(~) 

compounds was the demonstration of the isomorphism of the compounds 

K~[w(o~)~] ( = V, Cr, Nb or ~ a )  by x-ray powder photographic 

methods2; both the chromium3 and niobium4 compounds having been 

shown to have a quasi-dodecahedra1 structure. Reference has 

recently been made5 to the structure determination of (NH+)~[v(o~)+], 

but information is presently minimal. The analogy between these 

tetraperoxo complexes has prompted recent work6 on the synthesis 

of triperoxovanadates which have been proposed to have possible 

eight coordination of the metal similar to that observed in the 

peroxoniobate(~) compounds ~~b(02)3(~~2~8~2)].3~20 7, 

qNb(02)3(~1~38~2)] .3~2O.H202 7, (~~4)3[Nb(02)2(~204)2] .H20 '3 

and KMg[~b(0~)~] .7H20 *, in which the niobium was shown to have 

dodecahedra1 coordination. 



The recent elucidatim of the structures of (NH~)~[v(o~)~] 

and (NH~)~[o(vo(o~)~)~] can be considered as representing the 

first structural data on the peroxovanadate(~) complexes to appear 

in the literature. The dinuclear [ 0 (V0 (02 ) 2 )  2] anion was 

demonstrated5 to have distorted pentagonal bipyramidal coordination 

geometry around each vanadium atom, somewhat analogous to the 

anions [0(~00(02)~ ( ~ ~ 0 )  )2] 20 '-11 and [O(WO(O~)~(H~O))~] 2e 12, and 

similar to that observed for the mononuclear oxodiperoxochromiwn(~1) 

complexes [C~O(O~)~(C~H~N)] 13, [C~O(O~)~(C~OH~N~)] 14, and 

[Cr0(02 )2 (C 12~B~2)] 15. Since vanadium(~) and chromium(v1) are 

both do systems, then it is not surprising that there are some 

structural similarities, On the other hand, there are also some 

interesting differences which so far have not been observed for 

the peroxochromium(~1) complexes, e.g. the formation of the 

dinuclear-diperoxo species and the mononuclear-monoperoxo species. 

Thus, it follows that structural data on the peroxovanadate(~) 

complexes will not only provide a unique opportunity for comparison 

with the already characterized stereochemistry of the peroxo- 

chromium(V1) complexes, but will also be useful in directing 

future synthetic work on other transition metal peroxy complexes. 

At hydrogen ion concentrations above 0.01M, vanadium(v) in 

low concentration exists only as the VO~@ cation1'-la. With 

hydrogen peroxide in acid solution, vo2@ forms the well 
characterized red 1:1 monoperoxo- and yellow 2:l diperoxovanadates, 

the formation of the latter being favoured in high hydrogen peroxide 

concentration and/or lowhydrogen ion concentration. The formation 



of the red species VO(O~~" is independent of the nature or 

concentration of acid and involves1s : 

VO~@ + ~202 * VO(O~)@ + H ~ O  . 
It has been that the red and yellow forms, VO(O~)~', 

are related in perchloric acid as : 

~0(02)@ + H20n VO(O~)~' + 2JP j 

which eliminates the previous formulation of the yellow species 

as e.g. ~(0)2(02)2~' 1'22'23. Thus, the 2:l species V0(02)ge has 

acidic properties, and the observed decrease in pH when H202 is 

added to a metavanadate is explained; in the presence of excess 

metavanadate, polymerization will tend to occur1. With increasing 

alkalinity this diperoxo anion is converted to the 3:l species 

~0(02)~~', which is stable only in the presence of excess hydrogen 

peroxide. Sirnilarily, the 4: 1 species V(02)43Q is favoured by very 

alkaline media and high hydrogen peroxide concentrations1. Thus, 

the number of peroxy groups per vanadium atom increases with 

alkalinity and hydrogen peroxide concentration. The 2:l species 

[ 0 (v0(02 ) 2) 2] 4B is by high concentrations of vanadium 

and is converted to the 3: 1 species [vo(o~)~]~@ by high 

concentrations of hydrogen peroxide. Thus, increasing the 

concentration of hydrogen peroxide decreases the degree of 

polymerization. 

To study the stereochemistry of the above 2:l and 1:l peroxo- 

van ad ate(^) species, the compounds NH4[~0(02)2(~~3)] and 

~~dv0(02) (~20) (~5~3~(~00)2)] 25'26 were chosen for x-ray 

structural analysis. Unlike the peroxochromiwn(~1) complexes, 

these compounds were quite stable and crystallized as single 



crystals which were more ;;ban suitable for x-ray diffraction 

studies. In addition, since the crystal structure of 

K~[o(T~(o~)(H~o)(c~H~N(coo)~))~].~H~o had recently been determined27, 

there was the advantage of being able,to compare a peroxovanadium(~) 

species with a peroxotitanium(1~) species, again both being do 

systems. Attempts to obtain single crystals of ~VO(O~)~(H~O)] 28J29 

and NH~[vo(o~)~(H~o)] were unsucessful. Powder photographs have 

shown30, however, that these two compounds are isomorphous, and 

very similar to NH~[vo(o~)~(NH~)]. 



CHAPTER 2 

F.1' PERIMENTAL 

2.1. Preparative Procedures. - 
The preparation of ammonium oxodiperoxoamminevanadate(~), 

NH~[vo(o~)~(NH~)] (I), was based on previous equilibria s t ~ d i e s ~ " ~ ~  
0 

involving the formation of the v0(02)2 anion, and procedures28J29 

used in the preparation of compounds containing the [VO(O~)~(H~O)]~ 

The procedure involved dissolving divanadiwn pentoxide, V2O5 

(1.82g, 0.01 mole), in 30% hydrogen peroxide (50ml) to obtain a 

deep red solution, i.e. the 1: 1 species VO(O~)@ . To this solution 
ammonium nitrate (1.60g, 0.02 mole) was added, immediately followed 

by concentrated ammonium hydroxide, which was added dropwise until 

0 a bright yellow solution was obtained, i.e. the 2:l species ~ 0 ( 0 ~ ) ~  . 
This solution was allowed to stand for approximately twelve (12) 

hours, after which the mother liquor was decanted from the bright 

yellow crystals which had formed. These crystals were quite stable in 

air at room temperature, and showed no decomposition after many 

months. A melting point could not be obtained due to a gradual 

decomposition upon heating. 

The preparation of ammonium oxoperoxo(pyridine-2,6-dicarboxylato) 

van ad ate(^) hydrate, NH4[v0(02) (~20) (CSH~N(COO)~)] .xH20 (X w 1.3) 

(11), was first reported by H. ~artkamp~' J26, and it was this 



procedure which was utili~ed here. The method involved the reaction 

of ammonium vanadate, NH4V03, pyridine-2,6-dicarboxylic acid, and 

hydrogen peroxide in the ratio 1:1:1 to give a dark red solution 

from which large dark red crystals quickly formed : 

NH~[VO(O~) (~20) (c~H~N(cOO )2 ) I  + H20 
dark red 

As was the case for the diperoxo species, these crystals were stable 

in air at room temperature, but decomposed upon heating. 

2.2. Preliminary Examination And Photography. - 
Samples of the prepared crystals were examined under a 

polarizing microscope, as a first indication to crystal quality, 

prior to selecting and mounting a crystal on a glass fibre for 

photography. Once a crystal was selected and mounted, it was 

aligned on a two-circle Nonius Optical Goniostat and then studied 

on the Weissenberg and precession cameras to determine its quality, 

setting, cell dimensions, Laue symmetry and possible space groups. 

From the small crystals of (I), a needle-shaped crystal was 

selected and cleaved to maximum dimensions 0.13 x 0.40 x 0.13 mm 

in the directions 5, - b and 2, respectively. This single crystal 

was mounted with the longest dimension parallel to the rotation axis 

and was used for both the preliminary photography and the data 

collection. Weissenberg photographs of the F L  - h31 zones and 
precession photographs of the - hkO and Okl - zones, using Cu & 

radiation, showed absences for Okl, - - -  k+l=2n+l, and for - hkO, - h=2n+l. 



ThisJ combined with the Li:>~e group mmm, indicated either the space 

group P, , , or P,, 2, , . The former was subsequently chosen as 
providing an adequate model. 

From the large crystals of (11), a crystal fragment of maximum 

dimensions 0.46 x 0.25 x 0.34 mm in the directions -' a - b and 2, 

respectively, was selected and mounted with the longest dimension 

approximately parallel to the rotation axis. This crystal was 

used for data collection; other larger crystals were used for the 

preliminary photography. Weissenberg photographs of the Okl - - 3kl - 
zones and precession photographs of the - hkO - - hkl and - h01 - - - h21 - 
zones using Cu & radiation, showed absences for - hkl, - -  h+k=2n+l, and 

h01, 1=2n+l (h=2n+l). This, combined with the Laue symmetry 2/m, - -  - - 
indicated the space group as either C, or C2/= ; the latter 

centrosymmetric space group was subsequently selected as providing 

the most satisfactory model. 

The densities of both (I) and (11) were measured using a 

Berman density balance, and, with the cell dimensions determined 

from the photographs, the number of molecules per unit cell (z) 
was calculated from the formula : 

where p = the measured density of the compound 
N = Avogadro s number (6.023~10~~) 
V = the unit cell volume (in cm3) of the compound 
M = the gram formula weight of the compound 

A complete summary 

included for comparison 

of the crystal data for both compounds is 

in Table I. 



Table I : Crystal Data 
.. 

STRUCTURE : 
FORMULA : 

FORMULA WEIGHT : 166 .O 
COLOUR : bright yellow 
ZONES PHOTOGRAPHED : 

Weissenberg (Cu k) : - - - -  h01-h31 
Precession ( C u k )  : - hkO, Okl - 

SYSTEMATIC ABSENCES : Okl,k+l=2n+l - - -  
hk0, h=2n+l - - 

LAUE SYMMETRY : mrrrm 
CRYSTAL SYSTEM : orthorhombic 
SPACE GROUP : Pn m a  
DIFFRACTOMETRY : 
Crystal Dimens ions : O.l3xO.4OxO.l3mm 
Mounting Axis : - b 
Accurate Cell Dimensions : 
no. reflections used 10 
range in 28 

temperature 

take-of f angle 
radiation used 

lattice constants 

unit cell volume 
calculated density 

measured density 

z 
~(000) 

p(Mo k) 

323.6 
dark red 

monoclinic 

MO k (0.70926A) 
a = 11.307(2)A - 
b = 25.490(5)A - 
c = 8.316(2)8 - 

= 96.90(1)" 
V = 2379.42(1)A3 
4 = 1.79g/cm3 (at 22"~) 
d. = 1.74(5)g/cm3(at 22"~) 

8 
1320 
10 .0cmW1 

. . , cont d 



Table I : contld 
STRUCTURE : I 

DIFFRACTOMETRY : 

Data Collection : 

radiation used Mo (0.710698) 

temperature 21•‹C 

maximum 20 angle 60 O 
take-off angle 3.0" 

scan width in 20 1 .3•‹+dispersion 

{ 1. 1•‹+dispersion 
scan rate in 20 2 "/min. 

quadrants collected - hkl 

reflections measured 831 
I 

reflections observed 566 

variables, V 57 

N/V 9 09 
final R value 0 .031 

final R,, value 0.039 



2.3. Diffractometry. 
C__ 

A Picker four-circle diffractometer, automated with the 

FACS-I system, using niobium-filtered Mo b radiation (~=0.71069A), 

and a scintillation detector with pulse height analysis, was used 

for the collection of the unique sets of x-ray diffraction intensity 

data. The take-off angle was 3.0' for (I) and 3.1' for (II), while 

the detector with an aperature 5.0 mm high and 4.0 mm wide was 

positioned 28 cm from the crystal. The computer software used was 

a 'package1 put together by Dr. P.G. Lenhert of Vanderbilt 

University. The intensity measurements were made at a scan rate 

of 2'/min. in 28 with a symmetrical 8-28 scan width of 1.3' + 
(180/n) (2tan8 ) ( 6 ~ 1 ~  ) ' ; the latter ,is to account for dispersion 

of the Mo Gl-k2  radiations with increasing 28. The background 

intensity was determined by the normalization of two stationary 

background counts of 10 sec. measured at both scan limits. Those 

reflections above 1.80 were considered as observed reflections; 

o = JN where N is the scan count plus the total normalized 

background count. 

In both cases, after the crystal was mounted on the 

diffractometer it was optically aligned to position the crystal 

precisely at the intercepts of the B and x circles. To detect a 
reflection, the reciprocal lattice point had to be brought into 

contact with the sphere of reflection in the same plane as the 

x-ray beam, crystal and detector. This was achieved by setting 

the 28 value for one reflection with x M 0 or 90' and driving Q. 



until the reflection was located. A second reflection, with x 90' 

away from the first reflection, was then found by setting the 20 

angle and driving X. The values of 28 were derived from the 

preliminary photographic data. Each reflection was caref'ully 

centered using an automatic centering routine so as to provide 

an orientation matrix for the crystal. Both crystals were then 

deliberately 'misaligned' to a general orientation, in order to 

eliminate intrinsic multiple reflections3 , and new orientation 
matrices were calculated. 

For both structures, the accurate cell dimensions were not 

determined until after the data collection, thus enabling relatively 

intense, 'high angle1 reflections to be selected from the intensity 

measurements. Unfiltered Mo radiation was used to obtain better 

counting statistics, and a narrowed detector slit was used so that 

the Mo G I  radiation (1 = 0.709268) could be more distinctly 

resolved. The take-off angle was kept small in both cases (1.0~) 

to give a sharp-parallel incident x-ray beam in order to increase 

the accuracy of the measurement of the 28 values. Under these 

conditions, the cell dimensions were determined by least-squares 

refinement of the selected reflections whose 28 values were 

accurately measured on the diffractometer using the automatic 

centering routine. 

The intensity data for (I) was collected in two lshells1, 

an inner set of data with 2es4O0, and an outer set of data with 

/ 40 O<28z=60 O. -  he outer data was measured in a manner analogous to 

i the inner data, as described above, except that the base scan width 



was red1 x e d  t o l . l o ,  s inc the inner data indicated t h a t  it was a 

l i t t l e  too wide. The two s e t s  of data were i n i t i a l l y  combined 

using t w o  sca le  fac tors ,  but t h i s  was l a t e r  considered t o  be 

unnecessary as  the refined scales dif fered by l e s s  than la and 

the cor re la t ion  coef f ic ien t  was very large.  

Two standard re f lec t ions  were measured every 50 re f lec t ions  

f o r  ( I )  and every 60 re f lec t ions  f o r  (II), and i n  both cases 

retained a constancy within &2$ over the e n t i r e  data col lect ion.  

Several re f lec t ions  f o r  (I) which had a high count r a t e  were 

remeasured a t  lower beam in tens i ty  and provided no evidence f o r  

coincidence losses .  No absorption corrections were considered 

necessary i n  e i t h e r  case since the absorption coef f ic ien t  f o r  

Mo fi radiat ion was low f o r  both compounds; i n  addit ion,  the 

c rys ta l  of (I)  was qui te  small and regular i n  shape. 

It was decided t h a t  the data f o r  (11) be collected a t  low 

temperature because of the  rapid fa l l -of f  i n  the average re f l ec t ion ' s  

in t ens i ty  with increasing 26, a s  observed i n  the preliminary 

photographs taken a t  room temperature. To measure the re f lec t ion  

i n t e n s i t i e s  a t  -lOO•‹C, an I ' A i r  Products and Chemicalsrt Cryo-Tip 

re f r ige ra to r  was adapted f o r  use with the Picker diffractometer. 

The Cryo-Tip re f r ige ra to r  i s  a sub-miniature s ingle-f luid ,  open 

cycle Joule-Thomson cooler spec i f ica l ly  designed f o r  use i n  s ingle  

c rys ta l  x-ray d i f f r ac t ion  s tudies .  A s  a  technique, the  Joule- 

Thomson cycle i s  one of the simplest means of achieving cooling 

because no moving par t s  a r e  required. The experimental arrangement 

employed here involved the controlled expansion of nitrogen gas i n  

a chamber mounted on the top of an "Electronics and Alloyst' 



goniometer head. The crystal selected for the collection of the 

intensity data was mounted on a copper pin which was supported 

by a copper rod protruding from the cooling chamber. After the 

crystal was optically aligned on the diffractometer, the crystal 

and supporting copper rod was then enclosed by a hollow, cylindrical 

beryllium shroud which was approximately 3/8 inch in diameter and 

O.C03 inch thick. The stainless steel base of the shroud fitted 

over an o-ring assembly on top of the cooling chamber such that 

a vacuum tight fit was obtained. The resultant enclosed space 

around the crystal could then be evacuated via a small, coiled 

and flexible plastic tube which lead from this assembly to a 

vacuum pump. The purpose of this evacuated space was two-fold. 

Firstly, to prevent a build-up of ice on the end of the goniometer 

head and on the crystal, and secondly, to maintain a more reliably 

constant and more easily measureable temperature at the crystal. 

The commercially available compressed nitrogen was passed through 

a molecular seive, to remove any water present, prior to being 

regulated and carried to the cooling chamber via a small, coiled 

and flexible stainless steel tube. The expanded gas was carried 

away from the cooling chamber via a second small, coiled and 

flexible plastic tube to a back-pressure regulator. The temperature 

of the crystal was monitored with an iron-constantan thermocouple 

mounted at the base of the copper pin. 

Prior to the collection of the intensity data for (11), a 

low temperature precession photograph of the - h01 - zone was taken 
using Cu K& radiation ( A  = 1.54188) to ensure that the crystal 

did not undergo a phase change upon lowering of the temperature. 



In addit ion t o  t h i s  precuiition, the poss ib i l i ty  t h a t  the in tens i ty  

of some ref lec t ions  might be affected by Cu powder l ines  a r i s ing  

from the copper pin had t o  be checked. To do t h i s ,  the measured 

and calculated s t ruc ture  fac tors  f o r  (11) were sorted according 

t o  the 28 value such t h a t  they could be readi ly  compared t o  the 

28 values of the Cu powder l i n e s .  Those re f lec t ions  which 

coincided w i t h ,  o r  were close to ,  any of the Cu powder l ines  d i d  

not  appear t o  be i n  poorer agreement than the other re f lec t ions .  



CHAPTER 3 

ANALYSIS G? THE DIFFRACTION DATA 

A description of the computations and computer programs 

utilized in the analysis of the diffraction data is provided 

in Appendix A. The raw intensity data had Lorentz and polarization 

factors applied and was converted into observed structure factors, 

Fob,. Both the observed and calculated structure factors for 

compounds (I) and (11) are presented in Appendix B. 

3.1. Structure Determination For NH~[vo(o~)~(NH~)~. - 
An examination of the unsharpened three-dimensional Patterson 

function based on the observed data indicated that the vanadium 

atom occupied a special position of the type x $ z. This vanadium 

atom position (x/a = 0.23, y/b = $, z/c = 0.225) was used to 

initiate phasing of the data such that the conventional unweighted 

agreement factor (R value?) for the structure factors was 0.353 . 
A three-dimensional electron density map was then computed from 

the partially phased data, and the remaining nonhydrogen atom 

positions were deduced from the peaks in this map on the basis 

of their chemical reasonableness. A full-matrix least-squares 

refinement on these atomic positional and isotropic temperature 

parameters subsequently brought the R value down to 0.079 . At 
this point in the structure determination, a series of electron 

density difference maps, each followed by a full-matrix least- 

- - 

t The R value is defined as z ( ~ F ~ ~ - ~ F ~ ~ ) / x ~ F ~ ~  . 



thermal motion of the nonhydrogen atoms in the anion. With these 

features added to the model, full-matrix least-squares refinement 

improved the agreement to R = 0.035 An examination of the electron 

density difference map and a close analysis of the variation of 

agreement between I Fo 1 and IF, I as a function of I Fo I , and of 
 sine)/^, was then carried out. From this it was suggested that 

some of the atomic scattering curves might require adjustment to 

compensate for atomic charge. In response, curves corresponding 

0 to V~ (for the vanadium atom), 0 (for the peroxb oxygens), and 
-. 

(for the ammonium nitrogen) were introduced into the mode1,and 

least-squares refinement gave a final unweighted R value of 0.031 

and a weighted R,, value* of 0 .O39 . 
The data were given unit weights in the refinement until an 

R value of 0.035 had been achieved. Refinement to convergence was 

then carried out with o = JABIF for F 5 12.5, and o = $AF/B for 
F > 12.5, where w = l/a2, A = 0.21 and B = 12.5 . This weighting 
scheme was determined empirically by adjusting the value of A 

until the error of fit, [Zw( 1 F. I - 1  F= I )"/(NO-NV)]*, where (NO-NV) 

is the number of observations minus the number of variables, was 

1.00, i.e. to obtain correct absolute weights. The value of B was 

adjusted to obtain correct relative weights. The unobserved 

reflections, which have a magnitude of a/2 and appear with negative 

values of Fo in Appendix B, were excluded from the refinement. 

-k $ The Fi,, value is defined as [ Z W ( ~ F ~ ~ - ~ F ~ ~ ) " / ~ W F ~ ~ ]  . 



k- A final electron de:sity difference synthesis showed, as its 

major feature, a peak of height 0.48 e/A3 at the position 

(x/a = 0.32, y/b = *, z/c = 0.22) . This position is almost 
centrally located between the vanadium and vanadyl oxygen atoms. 

Since this residual electron density is in accordance with 

previously observed electron density  distribution^^^, it is felt 

that this peak can be attributed to increased electron density 

arising from the V=O double bond. 

The scattering factors for the nonhydrogen atoms, including 

anomolous scattering for the vanadium atom, were taken from 

reference 34, while the scattering factors for the hydrogen atoms 

were taken from a table of Stewart et. a1.35. The fl scattering 
20 curve was obtained by averaging the scattering curves for C and 0 , 

and differed from the nitrogen scattering curve by no more than 

0.05 electron above  sine)/^ = 0.35 . This latter point is important 
since 'high anglet x-ray diffraction is the result of the x-rays 

interacting with the 'core electronst which should not be significantlg 

affected by the valence shell electrons, and thus atomic charge. 

The positional and thermal parameters for (I), obtained in 

the final least-squares refinement cycle, are listed in Table 11, 

while the interatomic distances and angles are tabulated in 

Table 111. Errors in the interatomic distances and angles were 

calculated from the inverse matrix and include correlation between 

atomic parameters and the errors in the cell dimensions. 

Figure 1 shows the coordination geometry within the 

[vo(o~)~ ( N H ~ ) ] ~  anion; the nonhydrogen atoms are represented as 

50% probability thermal ellipsoids. The basal atoms of the anion 



are distorted out of a p:-me, i.e. the atoms 0(2), 0(3), ~ ( 1 )  

and the mirror-related oxygen atoms of the second peroxo group 

describe an approximate plane. The equation of this plane and the 

deviations of the atoms from it are given in Table IV. The packing 

of the molecules in the unit cell is presented as a stereoscopic 

diagram in Figure 2; the atoms are again represented as 50% 

probability thermal ellipsoids. 

Analysis of the thermal motion36 of the atoms in the anion 

indicate that their motion can xell be approximated to that of a 

rigid-body, when the appropriate constraints are maintained to 

preserve the mirror symmetry. This motion has a significant effect 

on the bond lengths, and the corrected values are given in Table I11 

and are used throughout the discussion. Table V indicates the 

eigenvectors of T and w, along with their direction cosines, 

obtained from the rigid-body analysis. The rms AU, was 0.003(4 )A2,  

indicating a good fit between the fobservedl thermal motion and 

that based on a rigid-body model. 
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Table I1 : Final  P o s i t i ~ : ~ ~ ? . l  And Thermal Parameters For 

N H + [ v o ( o ~ ) ~ ( N H ~ ) ]  . 
Atom x/a ~ / b  z/ c U, A2 

&Estimated standard deviations of the l e a s t  s igni f icant  f igures  
a r e  given i n  parentheses here and i n  subsequent tab les .  

bThe form of the anisotropic thermal e l l ipso id  i s  * * * )e * * 
exp[ -a2 ( U  lh2a* "+ua2k2b "+u3312c* 2 + 2 ~  12hka b +2U 13hla c +2Uasklb 



Table 111 : Interatomic inj.stances ( A )  And Angles ( ~ e g .  ) For 

N H ~ ~ v o ( o ~ ) ~ ( N H ~ ) ]  . 
(a) Bonded Contacts : 

(b) Interionic Contacts (~etween Nonhydrogen Atoms ) 
Shorter Than 3.0 A : 

(c) Interionic Contacts (Involving Hydrogen Atoms) 

Shorter Than 2.5 A : 



Table I11 : c o n t l d  

( d )  Bond Angles: 

( e )  I n t e r i o n i c  Contact Angles: 

a Corrected f o r  rigid-body motion. 
bSymmetry t ransformat ion  a p p l i e s  t o  t h e  coordina tes  of t h e  l a s t  atom. 

a Poss ib le  hydrogen bonds. 



Table IV : Mean Plane For NH4[~0(02)a(NH3)] . 

The mean plane i s  given as Ax + By + Cz + D = 0. f o r  the 
distorted basal planeb (excluding the vanadium atom) : 

.The normal equation of a plane, expressed in  LngstrGms, 

refers  t o  the s e t  of axes x, y, z (corresponding to  the 

l a t t i c e  constants a, - b, and 2, respectively).  

bThis plane provides only an approximate description of the 

structure; there are  highly significant departures from planarity. 



From The Rigid-Body Analysis For N ' H ~ [ V O ( O ~ ) ~ ( N H ~ ) ~  . 

igenvectors 

of T 

o .0184 

igenvectors 

of w 

39 -8 
15.2 

13.1 

Direction Cosinesa 

Direction Cosines* 

@Relative to orthogonal axes parallel to a, - b, and - c. 



F i g u r e  1 : The [ ~ 3 ( 0 2 ) e ( ~ , ~ ~ 3 ) ] '  Anion. 



Figure 2 : Stereoscopic  C r y s t a l  Packing Diagram For NH~[VO(O~ )2(N~3 ) I  . 



3.2. Structure Determinat,: on For 

NH~[VO(O~) (~20) (c~H~N(coo)~)] .xH~O (X w 1.3) . 
The symbolic addition procedure was used to 

initiate the solution of the structure in space group C21C . 
After determination of the E-values, the reflections 0 12 0 

(E = c4.71) and 6 0 6 (E = -2.67) were assigned phases on the 

basis of Harker-Kasper inequalitie~~~, while the reflections 

3 5 2 (E = c3.39) and 123 3 (E = -3.32) were chosen as origin 

determining reflections and arbitrarily assigned phases. The 

application of the S A P  programs to the data with these origin 

determining reflections enabled all signs to be deduced in terms 

of one variable. Of the two possible F o b ,  fourier maps using those 

reflections with E r 2.5, one gave reasonable positions for the 

vanadium atom and the majority of the remaining nonhydrogen atoms. 

Refinement of the coordinates and isotropic temperature factors 

for those atoms by full-matrix least-squares techniques gave an R 

value of 0.32 . A second electron density map,based on the observed 

data below (sine)/A s 0.40,revealed the remaining nonhydrogen atoms, 

and further refinement followed by electron density difference 

syntheses located most of the hydrogen atoms and indicated the 

presence of anisotropic thermal motion for all nonhydrogen atoms. 

Refinement up until this point was carried out using only that data 

with (sin0 )/A 5 0.40, and the agreement had dropped to R = 0.039 . 
A close examination of electron density difference maps indicated 

that the water molecule on the two-fold position had only partial 

occupancy (see below) and that some of the atomic scattering curves 



might require adjustment -(,o compensate for atomic charge, as was 

the case for (I). The occupancy for atom O(10) was allowed to vary 

and curves corresponding to V~ (for the vanadium atom), 0' (for 

the peroxo and coordinated carboxylato oxygen atoms), and $ (for 

the ammonium nitrogen atoms) were introduced to give an R value 

of 0.033 . The remaining hydrogen atom positions around atom ~(3) 
were calculated on the basis of sensible hydrogen bonding, given 

appropriate occupancies, and allowed to refine with fixed isotropic 

temperature factors and on all of the data to give a final unweighted 

R value of 0.031 and a weighted R,, value of 0.041 . 
Since this model involved two features which needed careful 

justification, viz. partial occupancy of a water molecule and 

disorder of a half multiplicity ammonium ion, it was considered 

prudent to examine the evidence fully. On the basis of residual 

electron density in the difference map, it was not clear whether 

there was a water molecule on the two-fold position and an ammonium 

ion on the centre of symmetry, or vice versa, It was decided that 

the former resulted in the more satisfactory model for the following 

reasons. Firstly, disorder on a centre of symmetry is more chemically 

reasonable for an ammonium ion than it is for a water molecule, 

although phase changes at low temperature commonly remove this type 

of feature4'" . Secondly, two peaks which could correspond to 
hydrogen atoms were located near the two-fold axis position whereas 

numerous appropriate peaks were 'observed1 about the centre of 

symmetry position. Thirdly, the number of possible hydrogen bonds 

involving the two-fold axis position are fewer than the number of 



possible hydrogen bonds f:,volving the centre of symmetry position, 

as based on the contact distances and angles. This could explain 

the non-stoichiometry of the water of crystallization. Finally, 

since this model gave the better agreement, i.e. R = 0.031 as 

opposed to 0.033, then on the basis of Hamilton's criterion40b 

it is the better model. 

The data was initially given unit weights, but refinement to 

convergence was carried out with a = ,,/- for F s 10.0 and 

a = J]AF/B for F > 10.0, where w = l/a2, A = 0.34, and B = 10.0 . 
The value of A was again adjusted such that the error of fit, 

[zw( 1 F, I - 1  F, I ) 2 / ( ~ ~ - ~ ~ ) ] f ,  was 1 .OO . All scattering factors used 
were the same as those used for (I). The unobserved reflections 

were excluded from the refinement. It was observed that the I,,, 

value for the 2 0 -2 reflection was underestimated by approximately 

40% . Since the intensity of this reflection was exceedingly large, 
this may have been due to coincidence losses and/or extinction. 

However, due to the large coefficient which this reflection 

contributed to both the fourier electron density and difference 

syntheses, it was decided that it be arbitrarily increased to 

bring it into good agreement with F,,,, . The effect of doing this 
would be to very slightly bias the refinement, but enable less 

biased difference maps to be obtained. In retrospect, however, a 

possibly better alternative would have been to remove the reflection 

from the data altogether, since this would give essentially the 

same difference maps while leaving the refinement unaffected. 



A final electron de:)sity difference synthesis showed, as its 

major positive feature, a pair of peaks of height 0.40 and 0.j6e/R3, 

positioned nearly linearly around the vanadium atom. Their 

respective distances from the vanadium were 1.20 and 1.25 A, and 

the vector defined by the two peaks made an angle of approximately 

12' with the 0(1)-0(4) vector. These peaks are attributed to 

uncorrected anisotropic thermal motion of the vanadium atom. 

The largest negative feature of the final difference map was a 

trough of depth -0.25 e/A3 located at the centre of the pyridine 

ring. This latter feature is most likely due to inaccuracies in 

the model resulting from the inability to accurately define the 

shape of the atoms, i.e. describing the atoms in the pyridine 

ring as 'spheres1 resulted in an excess of electron density at 

the centre of the ring. 

The final positional and thermal parameters for (11), 

obtained in the final least-squares refinement cycle, are listed 

in Table VI, while the interatomic distances and angles are given 

in Table VII. Errors in the interatomic distances and angles were 

calculated from the inverse matrix and include correlation 

between atomic parameters and errors in the cell dimensions. 

Figure 3 shows the coordination geometry within the 

[VO(02) (H20) (c~H~N(coo) 2)]Q anion with the nonhydrogen atoms 

represented as 50% probability thermal ellipsoids. The equations 

of the various planes within the anion along with the deviations 

of the atoms comprising those planes are given in Table VIII. 

Table IX gives the angles between the planes. Figure 4 is a 



i 

projection down the - c-axis of the unit cell with the hydrogen 

bonding shown as dashed lines. 

Analysis of the thermal motion36 of the atoms in the anion, 

excluding 0(4), 0(6), and 0(8), which are bound to only one other 

atom within the anion, indicates that their motion can best be 

described in terms of a rigid-body. This motion, however, does 

not have a significant effect on the bond lengths since the 

corrected values were in all cases within one standard deviation 

of the uncorrected values. Table X indicates the eigenvectors of 

T and m, and their direction cosines; the rms nu,, was 0.002(2) I?' 

which is interpreted as a very good fit of the rigid-body model 

to the thermal parameters. 
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Table VI : Final Positio!wJ And Thermal Parameters For 
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Table VII : Interatomic Distances ( A )  And Angles (Deg.) For 
NH~[VO(O~) (H~O)(C~H~N(COO)~)] .xH20 (X w 1.3) . 

(a) Bond Distances: 



Table VII : conttd 

v-0 
v-0 
v-0 
v-0 
H( 1 
v-0 
v-0 
V-N 
V-N 
c ( 2  

. 
Bond Angles: 



Table VII : cont'd 

(c) ~nterionic/~ntermolecular Contacts Less Than 3.2 A : 

Superscripts indicate the symmetry operation to be applied: 

. . . cont d 



Table VII : contld 
. 

(d) ~nterionic/~ntermolecular Contact Angles: 



Table VIII : 

Plane X2 

Least-Square.;? Mean Planes For 

NH~[VO(O~)(H~O)(C,H,N(COO)~)] .XH~O (x w 1.3) . 
Atoms Displacements 

Coefficientsa Comprising The Of The Atoms 
Plane. From The Plane, A 

.These are coefficients for the normal equation of a plane in the 
form Ax + By + Cz + D = 0, expressed in angstroms, referring to 
the set of axes x,y,z; corresponding to a, - b, and - c*, respectively. 



Table IX : Angles Between The Least-Squares Mean Planes For 

NH~[VO(O~)(H~O)(C~H~N(CO~)~)] .XH~O (X a~ 1.3) . 

Angle 
(degrees ) 

4.9 
1 .o 

90.2 

5.5 
5.5 
3.6 
4.2 

87 .3 
1.1 

1.4 
5 .7 

Planes 

3-4 
3-5 
3-6 
3-7 
4-5 
4-6 
4-7 
5-6 
5-7 
6-7 

Angle 
( degrees ) 

89.2 
4 09 
4 -7 
2.8 

88 .O 

86.8 
86.6 

1.4 
5 -7 
4.8 

.These planes are defined in Table VIII. 



Table X : T (A2) And w (DegO2) Eigenvectors And Direction 
Cosines From The Rigid-Body Analysis For 
NH~[VO(O~) (~20) ( c ~ H ~ N ( c o ~ ) ~ ) ~  .XH~O (X 1.3) , 

Eigenvectors 
of T Direction Cosinesa 
0.0279 -0.6891 -0 .O738 0.7209 
0.0156 -0.7156 0.2260 -0 -66 10 
0 .0133 -0.1139 -0.9714 -0.2082 

Eigenvectors 
of w Direction Cosinesa 
6.3 4.9530 -0.2496 -0.1719 
4.3 -0 .O326 -0.4628 0.8859 
2.4 -0.3010 0.8470 0.4381 

'Relative to orthogonalized axes parallel to - a, - b, and - c*. 







CHAPTER 4 

D1SCUS;XON OF THE RESULTS 

4.1. NH~[vo(o~)~(NH~)~ . - 
The compound (I) consists of four formula units in the 

primitive orthorhombic unit cell (see Figure 2). Both the cation 

and the anion lie on the mirror plane, with half of each ion 

comprising the asymmetric unit. The vanadium atom is bonded to 

five oxygen atoms and one nitrogen atom in what can best be 

described as a pentagonal pyramid, the four oxygen atoms of the 

two peroxo groups, which are related by the mirror plane, and 

the nitrogen atom of the NH3 group forming the base of the 

distorted pyramid, while the vanadyl oxygen atom occupies the 

apical position. Thus, the coordination geometries in the 

[VO (02) 2 (NH3 )lo anion and in the oxodiperoxopyridinechromium(V1) 

complex13, [C~~(O~)~(C~H~N)], are not significantly different. 

The vanadium atom is not coplanar with the 'basal pentagon1 

but is displaced 0.46 A toward the vanadyl oxygen 0(1). Distortions 

of this type are commonly found in'oxovanadiwn(~) complexes41 

and can be attrib~ted*~ to the repulsions which result between 

the vanadium-oxygen rr-bonding and the a-bonds of the basal plane. 

In the complex [c~o(o~)~(c~HsN)] 13, the chromium atom was 

similarily displaced by 0.51 8 ,  while in the pentagonal-bipyramidal 

43 5 complexes[VO(N03)3.CH3CN] , (N&)dO(V0(02)2)21 , 
[ C ~ O ( O ~ ) ~ ( C ~ ~ H ~ N ~ ) ]  14, and [ C ~ O ( O ~ ) ~ ( C ~ ~ H ~ N ~ ) ]  IS, the metal atoms 

were observed to be displaced out of the equatorial plane toward 



the apical oxide oxygen atom by 0.27, 0.43*, 0.31, and 0.27 A, 

respectively. These complexes of V(V) and C~(VI) suggest that 

the observed displacements of the metal atoms from the plane are 

significantly greater in the pentagonal-pyramidal complexes than 

in the pentagonal-bipyramidal complexes, as might be expected. 

The short V-0(1) bond length of 1.606(3) A is indicative 

of a vanadium-oxygen double bond. It is slightly longer than 

V=O bond lengths in some other vanadium(~) compounds, e.g. 

[vo(No~)~ .CH~CN] 43, 1.55(2)A; VO(OCH~)~ 41 3 1.51(5) and 1.58(4)8; 

VOC13 44, 1.56(4)A; but slightly shorter than the V=O bond length 

of 1.612(10)A observed for the vanadih(IV) compound 

vO(C~H~-CH~COO)~ 45. The V-NH3 distance of 2.110(4)A is not 

representative of a strong coordination of the NH3 group, but it 

is much stronger than the V-NCCH3 coordination distance of 2.24(3)A 
4 

in the complex [ VO (NO3 )3. CH&N] 43. 

The 0(2)-O(3) bond length of 1.472(4)A in the peroxo groups 

is slightly shorter than the 1.4gA for the 02* entity 

but significantly longer than the mean 0-0 bond lengths of 1.404(16)A 

observed in [ c~o(O~)~(CSHSN)] l3 and 1.40(2)8 observed in 

- 

*The complex (NH4) 4[ 0(v0(o2) )2] is described as pentagonal- 

bipyramidal, but, in fact, the seventh coordination site is 

occupied as a close contact; as a result, the displacement 

distance of 0.43 A is closer to the displacement observed in (I) 

than the displacements observed for the truely pentagonal- 

bipyramidal complexes. 



[CTO(O~)~(C~~H~N~)] l4 &:id [ C ~ O ( O ~ ) ~ ( C ~ ~ H ~ N ~ ) ]  15. It is also 

longer, but not significantly, than the mean 0-0 bond length of 

1.44A observed for (NH~)~[o(vo(o~)~)~] 5. This shortening of the 

peroxo bond has been ob~ervedl'~~ in .most transition metal peroxo 

complexes and is attributed to the mode of coordination of the 

peroxo gro~pl'~~'~~, i.e. the symmetrical coordination of the 

peroxo group and the resultant withdrawal of electron density 

from the anti-bonding n*2py orbitals on the peroxo group to the 

empty 4, and Q+ orbitals on the metal atom. In other words, 

the more strongly the peroxo group is coordinated to the metal 

atom, the shorter the 0-0. bond length. The vibrational spectra 

of the complexes (I) and [c~o(o~)~(c~H~N)] l3 both show infrared 

stretching frequencies for the peroxo g r o ~ p ~ " - ~ ~  at 880 cm-l, a 

somewhat surprising observation considering how significantly 

different the peroxo bond lengths appear to be in these two complexes. 

The V-0(2) and V-0(3) bond lengths of 1.882(3) and 1.883(3)A, 

respectively, show that the peroxo group is truely symmetrically 

n-bonded to the vanadium atom. These bonds are significantly 

shorter than the mean V-0 bond lengths of 2.05(4)A for the 

bidentate nitrates and only slightly shorter than the V-0N02 bond 

length of l.92(2)8 observed for the monodentate nitrate in 

[VO(NO~)~.CH~CN] 43. They are comparable to the mean V-Op,,o,o bond 

lengths of 1.878 in (~~~)~[0(~0(02)2)2] and 1.89A in 

(NH~)~[v(o~)~] ', but slightly longer than the mean Cr-Op,,o,o bond 

length of 1.82(4)A in [c~o(o~)~(c~H~N)] 13, as one might expect 

from the 0-0 bond lengths. This is also consistent with the 

expectation that V(V) has a larger covalent radius than c~(vI), 



which is further support-d by the fact that the V=O and V-N bonds 

are slightly longer than the corresponding Cr=O and Cr-N bonds. 

One of the shortest intermolecular contacts involving 

nonhydrogen atoms is between the vanadium atom and the vanadyl 

oxygen atom of a second anion. The V.. .0(1) distance is 2.926(3)A, 

while the 0(1)-v ... O(1) and V-0(1) ... V angles are 178.8(1)O and 

135.0(2)', respectively (see Table 111). This distance is shorter 

than the sum of the van der Waals radii, but still too long to be 

considered a formal bond, and is most likely a dipolar interaction 

which results in a more satisfactory environment for the vanadium 

atom. Such a contact might allow one to consider the environment 

around the vanadium atom as very weakly tending toward a distorted 

pentagonal-bipyramid. Indeed the slightly lengthened V=O bond and 

smaller displacement of the vanadium atom out of the 'basal planet, 

compared to the chromium analog [c~o(o~)~(c~H~N)] 13, may well 

reflect this long interaction. This is similar, but less extreme, 

to what was observed for (NH~)~[O(VO(O~)~)~] 5 .  While the average 

V=O bond length of 1.6a is comparable, the observed contact 

distances were 2.48 and 2.528, which are very short, and as already 

indicated above, is reflected in the displacement of the vanadium 

atom out of the equatorial plane. Of the remaining intermolecular 

contacts between nonhydrogen atoms which are less than 3.0A, the 

majority appear to be weak hydrogen bonds. The details of these 

are presented in Table 111. 

The observed mean N-H bond length of 0.80(10)A is comparable 

to the mean N-H bond length of 0.88(4)8 observed in the compound 



C ~ ( C O ~ C H ~ N H ~ ) ~  .H20 5 0 .  Cmsidering the distortion in the electron 

density distribution normally encountered in x-ray studies40a for 

hydrogen atoms, the observed distances are close to the expected 

values. 

Finally, returning to the coordination geometry of the 

vanadium atom, an alternative can be proposed in which 

the metal atom is formally four-coordinate in a distorted 

tetrahedral arrangement, each peroxo group bonding with one 

coordination site, e.g. a vacant sd3 hybrid, by means of a three- 

centre bond. Such a proposal is not unreasonable, especially when 

the bond angles to the midpoints of the peroxo groups are examined: 

o(1)-V-(02)~ 107.2(1)O; 0 ( 1 ) - ( 1  97.5(1)O; ( 1 - - 0 ,  106.1(1)O; 

(02)-v-(02), 128.5(1)O. The largest angle is attributed46 to 

repulsion between the two peroxo groups, and the smallest angle is 

a 'responsef to this repulsion by the less strongly bound NH3 group. 

This angle of 128.5(1) is not, however, as large as corresponding 

angles observed4' in the diperoxochromium(V1) complexes. 

4.2. N H ~ [ v ~ ( ~ ~ ) ( H ~ ~ ) ( c ~ H Q N ( c ~ ~ ) ~ ) ] . x H ~ o  (X M 1 . - 
The compound (11) consists of eight formula units in a 

c-centered monoclinic unit cell (see Figure 4). The structure is - 
comprised of two crystallographically different ammonium ions, 

one lying on a two-fold axis and the other on a centre of symmetry, 

both having half multiplicity, and a vanadium based anion which 

are held together by both electrostatic forces and extensive 

hydrogen bonding. The vanadium atom environment is a seven 



coordinate distorted pec~sgonal-bipyramid, with a vanadyl oxygen 

atom and a water molecule at the apices,and the peroxo group, the 

nitrogen atom from the pyridine ring and one oxygen atom from each 

carboxylate group forming an approximate pentagonal plane. Thus, 

the coordination geometry in the [VO(Oa) (~20) (c~H~N(coo)~)]@ 

anion is similar to that observed in the 

[ 0(Ti(02) ( ~ ~ 0 )  (c~H~N(coo)~) )2] 2' anion2?, and is comparable to 

the seven coordination observed in other vanadium complexes, 

e.g. (~~4)~[0(~0(02)2)2] and [VO(NO~)~.CH~CN] 43. 

The vanadium atom is displaced 0.25A out of the pentagonal 

plane towards the vanadyl oxygen atom 0(1), which is closely 

comparable to the already mentioned displacements observed for 

other pentagonal-bipyramidal complexes. Again this observation 

can be attributed42 to the repulsions which result between the 

vanadium-oxygen n-bonding and the a-bonds of the equatorial 

plane. In the [o(T~(o~) (~20) (c~H~N(coo)~))~] '' anion27, the 
titanium atom is coplanar with the pentagonal equatorial plane, 

as one might expect, since there are no titanium-oxygen n-bonds 

to cause a repulsion of the type described for the vanadium 

compound. 

The V-O(1) bond length of 1.579(2)A is significantly shorter 

than the V=O bond length of 1.606(3)8 observed in compound (I). 

Similarily, the V-Ope, ,, , bond lengths of 1.870(2) and 1.872(2)W, 

and V-N(l) distance of 2.088(2)A are also significantly shorter 

than the respective bond lengths of 1.882(3), 1.883(3) and 2.110(4)8 

observed for (I). The effect expected in going from pentagonal- 



pyramidal to pentagonal-~4pyramidal coordination geometry would 

be a decrease in the corresponding nonbonded contact distances 

and an increase in the corresponding bonded distances to relieve 
7 

steric crowding around the central vanadium atom. Instead of this, 

however, both the bond lengths and nonbonded contacts were observed 

to decrease. This systematic difference in the bond lengths must 

therefore be attributable to other factors. The problem is that 

these "other factors" are not easily defined. It has been suggested 

recently5*jS3 that collection of a limited sphere of data will 

result in a systematic shortening of bond lengths. The evidence 

for this appears to be exceedingly weak and is certainly of a 

smaller magnitude than that due to thermal motion. In addition, 

since the smallest - d-spacing in this structure is 0.938 **, then 
one might expect that any bond lengths longer than this value 

would show random rather than systematic variation. Secondly, the 

vanadyl oxygen atom in the anion of (I) was involved in a hydrogen 

bond, whereas O(1) in the anion of compound (11) has no hydrogen 

bonds, which could possibly account for the differences in the 

V=O bond lengths. On the other hand, the peroxo oxygens of both 

structures are involved in hydrogen bonding to approximately the 

same extent. Finally, it is possible that the dipicolinate ligand 

in the anion of (11) could withdraw electron density from the 

- 

**Calculated from the equation 1 = 2dsine,,, - . 



vanadium atom to the ext;t.:ylt that a contraction 

would occur. On this basis, one would expect a 

of the bonds 

shorter 0-0 bond 

length for the peroxo group, as was observed. The mean V-OR,,,,, 

bond lengths of 1.87A,observed in (NH4) 4[0(~0(02)2)2] ', and 1.898, 
observed in (NH~)~[V(O~)~] ', can only be said to be comparable 
to those in this structure. 

The 0(2)-0(3) bond length of 1.441(3)8 is significantly 

shorter than the peroxo bond length of 1.472(4)A observed for (I) 

and is consistent with the stronger V-OR,,,,, bonds in this 

structure. The mean 0-0 bond length of 1.44(3)8 observed for the 

compound (NH4)4[0(~0(02)2)2] ' is again comparable. As was the case 
for (I), shortening of the 0-0 bond can be attributed1J46347 to the 

mode of coordination of the peroxo group. However, an alternative 

of the peroxo group as a rr-bonded 

monodentate ligand, and the coordination geometry around the metal 

atom as that of a distorted octahedron27 would also explain these 

conclusions. In this latter description, the large deviations of 

90' would be expected as a result of steric interaction with the 

peroxo group. 

Comparison of the pyridine-2,6-dicarboxylate ligand geometry 

in this structure to that observed in the 

[O(T~(O~)(H~O)(C~H,N(CO~)~))~]~' anion27 shows as a major difference 

the torsion angles that the carboxylate groups make with the 

pyridine ring. In this structure the carboxylate groups are out of 



the plane of the pyridine ring by 1.4' and 5.7', compared with 

3.8' and 9.6O . Table XI compares the corresponding bond lengths 
and angles of (11) with K2[0(~i(02) (H~~)(C~H~N(COO)~))~] .3H20 2 7 ,  

dipicolinic acid5=, calcium dipicolinateS7, and strontium 

dipi~olinate~~. Except for the inward bending distortion of the 

angles ~(1)-~(2)-~(1) (111.5(3)'), ~(7)-~(6)-N(1) (111.7(3)'), 

~(2)-C(1)-O(5) (114.1(3) O ) ,  and ~(6)-C(7)-0(7) (113.3(3) '), and 

the corresponding outward bending angles, from 120•‹, the dimensions 

of the coordinated pyridine-2,6-dicarboxylate ligand are very 

comparable to those of the uncoordinated species. In addition, 

there are no significant differences o'bserved between chemically 

equivalent bonds. Examination of the distances involving the 

titanium atom in the [o(T~(o~) (~20) (c~H~N(coo)~) )2] '' anion27 
indicate that on the average they are slightly longer than the 

* 

corresponding bond distances in this structure. This would be 

consistent with the expectation that T~(IV) has a larger covalent 

radius than v(v), since the latter has a higher nuclear charge, 

but the same electronic configuration, and from this one might 

predict a slightly longer peroxo bond length in the titanium 

complex, which appears to be the case, i.e. 1.45(1)A is slightly, 

but - not significantly, longer. 

The mean C-H, N-H, and 0-H bond lengths observed in this 

structure are comparable to those observed for the compound 

c~(CO~CH~NH~)~.H~O i.e. 0.96, 0.81, and 0.80W compared to 

0 .g6(5), O.88(4), and 0.88(4)8, respectively. 



Table XI : Comparison Be?;reen -. The Corresponding Bond Lengths ( A )  
And Angles (Deg.) For The Compounds 

NH~[VO(O~) (~20) (C~H~N(COO)~)] .XH~O (X M 1 .j) (A), 
K~[o(T~(o~)(H~o)(cE,H~N(coo)~))&~H~~ (B), 
Dipicolinic Acid (c), Calcium Dipicolinate (D), 

And Strontium Dipicolinate (~1 .  

(a) Bond Lengths: 

Bonds (A) 



Table XI : cont'd 

(b) Bond Angles: 

Angles 



The constituent ions and water molecules of complex(11) 

are arranged in alternating organic and inorganic llayerst 

normal to the - b-axis, i.e. the anions are arranged such that the 
peroxo groups are always adjacent to -one another, as are the 

pyridine rings (see Figure 4). This is similar to what was found 

in the complex K~[o(T~(o~) (~20) (c~H~N(coo)~) )2] . 3 W  27. The 

ammonium ions are located in holes in the inorganic layers, with 

all nearest neighbours being oxygen atoms, and are involved, along 

with the water molecules, in extensive hydrogen bonding. The 

organic layers have only van der Waals forces to hold the structure 

together. Almost all of the contacts between nonhydrogen atoms, 

which are less than 3.2A,represent hydrogen bonds, as indicated 

by the interionic/intermolecular distances and angles given in 

Table VII. 

4.3. Sequel. - 
The results from the structural study of (I) have already 

been publisheds9. In addition, the results from the structural 

study of (11) were presented at the Ninth General Assembly And 

International Congress of the International Union Of 

~rystallography~~ which was held in Kyoto, Japan in the Fall of 

1972. These results have also been accepted for publicatione1. 



APPENDIX A 

COMPUTATIONS AND 33MPUTER PROGRAMS UTILIZED FOR 

THE DETERMINATION AND ANALYSIS OF THE CRYSTAL STRUCTURES 

The following describes only those features of the various 

programs that were actually used. 

A.1. DATAPR - A Data Reduction Program. - 
A program to convert the intensity data obtained during the 

data collection into structure factor amplitudes IF,,, I, applying 
both Lorentz (L) and polarization (p) corrections. 

The Lorentz factor is concerned with the time required for a 

reciprocal lattice point to pass through the sphere of reflection. 

It varies with the geometries of different experiments, but for 

diffractometer data collected by the 8-28 scan technique, it is 

given by: 

L = (sin20)-' (Al) 

The polarization term arises from a reduction of the scattered 

intensity due to polarization effects of electromagnetic radiation 

upon reflection and depends on the angle 0. If the incident beam 

is unpolarized, it is given by: 

p = *(I + cos220) (A21 

For a unit cell containing N atoms, the structure factor (F) 

is a function of the fractional coordinates (x,,y,,z,), the 

scattering factor (f,) and the temperature factor ( B , )  of the 

nth atom, as well as the Miller Indices (h,k,l) : 



where f, in general can be written as the sum of the Rayleigh 

scattering (f, ), which is the dominant factor, and the real (bf 1 )  

and imaginary (~f") terms due to anomolous scattering: 

f, = f* + Af' + iAf1' (A4 

To find the atomic positions, one must be able to relate 

the structure factor (F) to the measured intensity (I,,,), 

which is the expression: 

where K is a constant known as the scale factor, and A is the 

absorption term. The constant K is determined by the crystal size, 

the beam intensity, and variations during data collection. The 

absorption term A is difficult to calculate exactly as it requires 

a precise description of the crystal shape, but as mentioned in 

chapter 2, it was possible to neglect this term. 

The output from this program included generation of the 

BUCFILE for input into the program BUCILS, and a listing of the 

observed I Fhk , 1 , 1 F 1 , I Fhk , I "/~p and the net count for each 
reflection. The original program was written by F.R.Ahmed, for 

the National Research Council of Canada, and has been further 

modified at S .F.U. 



A.2. FORDAP - A Program '-7 Calculate Fourier Syntheses. - 
This program for computing Fourier syntheses was utilized 

for the calculation of the Patterson f'unction based on  IF^^,)^, 

obtained from the BUCFIW,, and the Fourier electron density 

syntheses and difference syntheses which were based on the signed 

F o b ,  and F,, , , , obtained f rom the FORFILE. 
The Patterson function of an electron density distribution: 

P(X,Y,Z> = 
1 ti f;f: Fhk , exp[-2rri(hx + ky + lz)] (A6) 

is definede2 to be: I 1 1  

P(U,V,W) = J j J P  (X;Y,Z)P (x+u,Y+v,z+w)v~~~Y~~ 
000 

or represented by the Fourier series: 

P(u,v,w) = 1 ZCZ I F , , ,  1 "exp[mi(hu + kv + lw)] . 
V h k l  

(A8) 

The physical significance of (A7) is that ~(u,v,w) is only 

much greater than zero for those values of (u,v,w) that represent 

electron density overlap. For a set of N atoms, the Patterson 

function contains N* peaks, N of these coincide to form the origin 

peak. One-half of the remaining peaks, i.e. N(N-1)/2 , are related 
to the other half by a centre of symmetry. The weight of a peak 

in a Patterson map is proportional to the product of the atomic 

numbers of the two atoms involved. Peaks generated by the heavy 

atoms are therefore most prominent in the map, and a set of 

chemically reasonable atomic coordinates can be worked out to fit 

these major features, 



Equation (~6) gives the electron density distribution in a 

Fourier series representation. The coefficient F1s for the first 

Fourier electron density map can be obtained by two methods. 

Direct Methods yield a set of phased ,E1s which give the phases 

of the corresponding F1s whose amplitudes are obtained from (~5). 

Although the summation is not over the entire set of hkl values 

measured, the electron density map will give initial atomic 

positions since the input F1s are always large in their respective 

ranges of (sinO)/~ . The other method is the solution of the 
Patterson function to obtain a set of atomic coordinates from which 

approximate F, a , , 1s can be computed using equation (A3) and some 
assumed or predetermined temperature factors. If the heavy atoms 

represent a high percentage of the scattering material, and if 

nQne or only some of the light atom positions are recovered from 

the Patterson map, then the coordinates of the heavy atoms should 

be sufficient to constitute an initial phasing model even though 

the summation of (A3) is not over the entire contents of the unit 

cell. 

If the quantities AF = Fob, -Foal, , where Fob, takes the 
phase of the corresponding F,,,, , are used as coefficients in 
the Fourier series, an electron density difference map is obtained. 

As suggested by the definition of AF, the map will reveal the 

difference between the true structure and the model used. It is 

therefore useful in locating light atoms, correcting misplaced 

atoms and detecting anisotropic thermal motion. 



The program FORDAP ?,zs written by Dr. A,Zalkin, at the 

University of California, and has options for computing either 

Patterson, electron density or difference syntheses. Output is 

in the form of a three-dbnensional electron density map and lists 

of the most intense peaks and troughs on the map. 

A.3. SAP - A Set Of Programs For Symbolic Addition Procedures. - 
This is a set of direct phasing programs for solving structures 

by the Symbolic Addition procedureB3, and was written by S.Hall 

and F.R.Ahmed of the National Research Council of Canada. 

The normalized structure factors (E's) are obtained from 

the relationship: 

where & is an integer which is generally 1, but may assume other 

values for special sets of reflections in certain space groups. 

The distribution of the I E ~  values is independent of the size 
and content of the unit cell, but does depend on the presence or 

absence of a centre of symmetry in the space group. As a result, 

the distribution of the I E ~  values can be utilized as a statistical 
test for centric and acentric distributions of intensities. 

For centrosymmetric structures, as was (11), this program 

makes use of one of the most powerful and widely used relationships, 

the C 2  principle: 



where E, is the normalized structure factor of the reflection h, 

and 15 implies the k ranges only over high ( E I  reflections. The 

symbol means "is probably equal to". The probabilityB4 that the 

C2 relationship is true is equal to: 

where 03 = C? and 02 = zq2 , summation being over the unit cell 
1 1 

and Z, being the atomic number of atom i. 

The SAP programs give tentative signs to the E1s of the C2 

triplets when the product sum accumulated is higher than a test 

limit. Reflections with acceptable tentative signs are then included 

in the list of signed reflections and are used in turn. The test 

limit values are lowered successively to generate more tentative 

signs. This ensures that only highly probable correct signs are 

included in the early stages of sign development. When the minimum 

test limit is reached and there are still reflexions with undetermined 

signs, a symbol is assigned to the reflection that has the most 

triplets among the first ten highest E1s. The whole process is 

repeated with the first test limit and so on. More symbols can be 

assigned if necessary, to a maximum of four. The program then seeks 

for consistent indication to determine the actual signs of the 

symbols and their products. 



~.4. BUCIIS - A Program ?or Calculating Structure Factors - 
And Full-Matrix Least-Squares Refinement. 

This is a program for the calculation of structure factors 

and the full-matrix least-squares refinement of the scale, atomic 

positional and thermal parameters in the structures. It was based 

on the program UCIIS written at Northern University and the 

University of California at Irvine, and has been modified both 

at the University of canterbury (N.Z. ) and S .F.U. The observed 

structure factors are input via the BUCFILE (see A.1. above). 

After a trial phasing model is obtained, refinement of the 

scale (kt) between the observed and calculated structure factors, 

and the positional as well as thermal parameters of the atoms is 

by full-matrix least-squares methodse5. The quantity minimized 

was : 

where wh,, are the weights, and 

I ~ r e l  I = k'IFob6 I = JL~~WLP' (A13 1 
The functional form of the structure factor is nonlinear, 

therefore it has to be approximated by a truncated Taylor series. 

The refined values of the parameters from a cycle of least-squares 

procedure are only better approximations to their best values than 

those before refinement. Calculations must therefore be repeated 

until the iterative process produces no significant change in the 

parameters, 



BUCILS was used to &-rite the following files: 

FORFILE - contained calculated and observed structure factor 
information for use in the program FORDAP and for 

analysis of R factors and weights by program RANGER; 

ORFFILE - contained atomic coordinates, temperature factors, 
standard deviations and the correlation matrix of the 

least-squares refinement for program ORFFE2. 

Output from BUCILS could include the scale, atomic coordinates 

and thermal parameters based on any or all of the cycles of least- 

squares refinement; the shifts in the parameters from the previous 

cycle; the correlations between the various parameters and the 

residual index, R. 

A.5. RANGER - A Program For Analysis Of R Factors And Weights. - 
A program to analyze R factors and weights for different 

classes of reflections based on I F o b ,  I , sin0 or indices. This 
program was originally written by Dr.P.W.R.Corfield at 

Northwestern University and modified at the University of Canterbury 

(N.z.) and S.F.U. Input data is from the FORFILE. 

A.6. DANFIG - A Program For Calculating Interatomic Distances - 
And Angles. 

A program for calculation of interatomic distances and angles 

based on a program by W.H.Baur and modified at the University of 

Canterbury (N.z.) and S.F.U. Input included the atomic positional 



and thermal parameters obtained from BUCILS and/or FORDAP. Output 

listed all atoms closer than a specified distance from all other 

atoms and listed the contact angles around each atom. 

A.7. ORFFE2 - A Program For Calculating Interatomic Distances 
And Angles With Standard Deviations. 

A program to calculate interatomic distances and angles with 

standard deviations, to calculate the root-mean-square component 

of thermal motion along various axes and to calculate interatomic 

distances averaged over thermal motion. The program used was a 

modified version of the program written by W.R.Busing, K.O.Martin 

and H.A.Levy at the Oak Ridge National Laboratory. Input of 

information is via the ORFFILE. 

A.8. MEANPLANE - A Program For Calculating Mean Planes. - 
A program to calculate least-squares mean planes through 

various groups of atoms and the deviations of the atoms from 

that plane. This program was originally written by M.E.Pippy 

and F.R.Ahmed for the National Research Council of Canada and 

has been modified at S.F.U. Input includes atomic coordinates 

with their estimated standard deviations and the unit cell 

dimensions. Output lists the coefficients from the equation 

for the plane: 

Ax + B y  + C z  + D = O  , (A14) 

the X2 value as an indication of the planarity of the plane, 

the distance of each atom from the plane, and the angles between 

the plane and all othe'r planes defined. 
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A.9. ORTEP - A Program Ffir  Crystal Structure Illustrations. - 
A program to plot thermal-ellipsoids and/or spheres, via a 

Calcomp plotter, for crystal structure illustrations, using the 

atomic coordinates and thermal parameters, and the unit cell 

dimensions. The program was written by C.K.Johnson of the Oak 

Ridge National Laboratory, Oak Ridge, Tennessee (U.S.A.) and 

modified at S .F .U. 

A.10. *. - 
A program to calculate translational, librational and screw 

tensors for a molecule or ion and to correct these thermal motion 

effects on the bond lengths which result from the group moving 

as a rigid-body. The program was written by K.N.Trueblood. Input 

includes the atomic weights, the atomic coordinates and the 

thermal parameters. 

A.ll. FILIST - A Program For Listing Structure Factors. 
A program which lists the calculated and observed structure 

factors, for all of the reflections measured, in a format suitable 

for the preparation of the tables for publication. This program 

is based on a program from the University of Canterbury, New Zealand. 



APPENDIX B 

THE MEASURED AND CALCULATED STRUCTURE FACTORS FOR 

m4[~0(02 )2 (m3)1  

The measured and calculated structure factors  fo r  the 

complex N H ~ [ V O ( O ~ ) ~ ( N H ~ ) ]  are  presented below. The unobserved 

reflections have a value of u/2 and are  denoted by a negative 

value of F o b ,  . 
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APPENDIX C 

The measured and calculated s t ruc ture  fac tors  f o r  the 

complex MH~[VO(O,) ( ~ ~ 0 )  (CsH3N(C00)2)] .xH20 (x w 1.3) a r e  

presented below. The unobserved ref lec t ions  have a value 

of a/2 and a r e  denoted by an a s t e r i s k  a f t e r  the value of F,,,. 
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