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tively small change in the enthalpy of formation be-
cause of strain energy could have a major effect on the
equilibrium constants. Probably more important,
however, is the greater loss in configuration entropy on
formation of the six-membered ring. Ellison, et al.,*
have measured thermodynamic parameters for the for-
mation of diol complexes of the tellurate ion and found
entropies of formation 4-11 eu more negative for the 1,-
3-diols than for the 1,2-diols but almost no difference in
the enthalpies. Such a difference in the present case
would decrease K; and K, sufficiently that virtually no
complex would form under the conditions normally em-
ployed, <.e., ligand-to-metal mole ratios <10.

The failure to observe complex formation in the case
of a-amino or a-amido carboxylic acids is particularly
interesting. Copper(II) has been shown to form stable
complexes with peptides in which the amide proton is
removed with the formation of a strong copper-ni-
trogen bond.?! The absence of such complexes of
vanadyl ion is further evidence for the importance of =
bonding involving partial donation of a second un-
shared pair of electrons from oxygen or sulfur to va-
nadium. Such bonding is not possible with amino or
amido groups.

The failure to observe stable complexes in solutions of
vanadyl ion containing ethylene glycol or acetoin sug-
gests the importance of an anionic ligand for the initial
formation of a complex with vanadylion.

The failure to observe a stable complex of vanadyl ion
with methoxyacetic acid above pH 4 is not surprising in
light of the interpretation given for the equilibria in-
volving a-hydroxy carboxylic acids. This result does,
however, supply further evidence for the conclusions
drawn, particularly since there is evidence in the esr
spectra for the formation of a 1:1 and possibly a 1:2

(20) H. R. Ellison, J. O. Edwards, and E. A, Healy, J. Amer. Chem. Soc.,
84, 1820 (1962).

(21) K. E. Falk, H. C. Freeman, T. Jansson, B. G. Malmstrém, and T.
Vanngard, tbid., 89, 6071 (1967).
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complex. The equilibrium constant for the formation
of the 1:1 complex with this ligand is apparently smaller
than those for the a-hydroxy acids however. A com-
bination of the steric effect introduced by the methyl
group and the electronic effect involved in replacement
of a proton by a methyl group probably accounts for
the reduction in this equilibrium constant.

Esr Line Widths.—The esr line widths observed in
spectra IV and IVa, VO(A),?~, were substantially less
than were observed in the spectra of the other species.
There are two factors which are responsible for this
effect. In the first place, the line widths in the spec-
trum of the aquovanadyl ion contain a contribution
from an unresolved proton hyperfine interaction with
the equatorial water molecules;?? this splitting is ap-
proximately 1.1 G, giving a 4-5-G contribution to the
esr line widths. A similar splitting would no doubt
arise from the hydroxyl protons in the various com-
plexes and from remaining equatorial water molecules.
Only in the cases of VO(A),2~ are such protons missing
from the complexes, so that this contribution is absent
in the spectra of these species. The second factor
which is important in accounting for the narrower ob-
served lines is that the anisotropies of the ¢ and g ten-
sors are probably somewhat smaller. These factors are
harder to assess since the tensor components are not
known. In any case, accurate line width measure-
ments are extremely difficult to make for these spectra
because of the partial resolution of spectra IV and IVa,
so that a detailed accounting of the line widths is not
presently possible.
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The structure of potassium lead hexanitrocuprate(II), KoPbCu(NO:)s, has been redetermined using three-dimensional X-ray

data and anisotropic thermal parameters.

The space group is Fm3, with ao = 10.672 (1) A. The calculated density for

four formula units in the unit cell is 3.42 g/cm?; 1366 reflections, of which 464 are independent, were collected with an

automated four-circle diffractometer.

The structure was refined by full-matrix least-squares technigues to a conven-

tional R factor of 0.028. The hexanitrocuprate ion has T symmetry in apparent violation of the Jahn-Teller theorem,
but the thermal parameters of the nitrogen atom are in accord with the assumption of a dynamic Jahn-Teller effect. The

Cu-N bond length is 2.111 (4) A, the N-O bond length is 1.260 (4) A, and the O-N-O angle is 117.9 (4)°.

KSrCu(NO;)e

has also been prepared and it is not isomorphous with K:PbCu(NOs)s but with K;BaCu(NOz)s.

Introduction
In their well-known theorem, Jahn and Teller! have
predicted that a molecule possessing a symmetry-in-
duced electronic degeneracy of either orbital or spin

(1) H. A. Jahn and E. Teller, Proc. Roy. Soc., Ser. A, 161, 220 (1837);
H. A. Jahn, ibid., Ser. A, 164, 117 (1938).

nature must distort in order to remove as much degen-
eracy as possible. The classic example of an ion which
exhibits this effect is Cu(1I), a d°® system. In virtually
all six-coordinate complexes of this ion, the coordination
octahedron is distorted, usually with two bonds longer
than the other four. However three X-ray determina-
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tions of copper(II) complexes have been reported in
which all six copper—donor atom bonds are the same
length. Only one of these, tris(octamethylpyrophos-
phoramide)copper(II) perchlorate, Cu(OMPA)3(ClOy),,2
employed three-dimensional data and anisotropic tem-
perature factors. The original reports on the other
two complexes, potassium lead hexanitrocuprate(II),
K, PbCu(NO,)e® and tris(ethylenediamine)copper(II)
sulfate, Cu(en);SO4,* were based on results using two-
dimensional data and overall temperature factors.

The usual explanations for these apparent violations
of the Jahn—Teller theorem invoke the dynamic Jahn-
Teller effect or equivalent tetragonal distortions, both
of which result in an average structure which appears
to be regular. Either of these two possibilities should
affect the shape of the thermal ellipsoids representing
the apparent thermal motion of the atoms in the com-
plex. Since the earlier data for KoPbCu(NO;)e were
neither accurate enough nor complete enough to permit
such a detailed examination of the structure, the crys-
tal structure has been redetermined using three-dimen-
sional data and anisotropic thermal parameters. It
also provides interesting comparisons with the recently
reported neutron diffraction study.?

Experimental Section

Crystals were prepared by the method of Ferrari and Colla® as
brownish black cubes, {100}, on which most of the edges and
corners are truncated by small faces of the forms {110} and {111}.
The crystal used for intensity measurements had the dimen-
sions 0.190 X 0.174 X 0.194 mm in the directions of a, b, and ¢,
respectively, and was mounted along b.

Oscillation and Weissenberg photographs taken about {100},
{110}, and {111} using Cu Ka radiation showed cubic sym-
metry and only those reflections for which %, &, and ! were all odd
or all even, indicating a face-centered lattice. The cell dimen-
sion, g = 10.672 (1) A, was obtained by the least-squares refine-
ment of the differences between observed and calculated 26
values for 20 reflections, measured on a Picker manual dif-
fractometer equipped with a General Electric goniostat. The
radiation was niobium-filtered Mo Ko (A 0.71069 A). Room
temperature was 23°. Refinement assuming an orthorhombic
lattice gave values for ag, by, and ¢, which were all equal within
two standard deviations.

Since crystals of K;PbCu(NO;); sank in tetrabromoethane,
the density is greater than 2.96 g/cm®. The most reasonable
density is 3.42 g/cm?®, which corresponds to four formula units
in the unit cell, in agreement with all earlier work.

Intensities were collected by the 6-26 scan method on a Picker
automated four-circle diffractometer equipped with a pulse
height analyzer. The takeoff angle was 3.5°. Even though the
photographs had indicated a cubic space group, the intensities of
all the reflections in one octant of the reciprocal sphere, out to a
26 value of 90°, were collected. This would be the unique set for
orthorhombic space groups. Molybdenum Xa radiation,
filtered by a 0.001-in. thickness of niobium foil, was used. The
scan range for each reflection was calculated by the formula of
Alexander and Smith’

scan range = 4 + B tan g 1

The constant 4, which is in part a function of the mosaicity of the
crystal, was estimated to be 0.9° by observing the width of

(2) M. S. Hussain, M, B. Joesten, and P. G. Lenhert, Inorg. Chem., 9,
151 (1970).

(3) (a) L. Cavalca, M. Nardelli, and D. Grazioli, Gazz. Chim, Iial., 86,
1041 (1956); (b) M, Van Driel and H. J. Verweel, Z. Kristallogr., Kris-
tallgeometrie, Kristallphys., Kvistallchem., 98, 308 (1938).

(4) M. Cola, G. Giuseppetti, and F. Mazzi, A#{ Accad Sci. Torino, Cl. Sci.
Fis., Mat. Natur., 96, 381 (1962).

(5) N. W. Issacs and C. H. L. Kennard, J. Chem. Soc. A, 386 (1869).

(6) A. Ferrari and M. Cola, At Accad. Nag, Lincei, Cl. Sci. Fis., Mat.
Natur., Rend., [6] 11, 755 (1930).

(7) L. F. Alexander and G. S. Smith, 4 cta Crystallogr., 10, 180 (1957).
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several intense reflections. B was set at the recommended value
of 1.0°. The scan speed was 2°/min. Background counts were
collected for 18 sec at each end of the scan range.

Group scale factors, calculated from the weighted average of
the intensities of four standard reflections (060, 006, 600, 444)
collected every 2-8 hr, increased about 29, over the course of
data collection, indicating a drop in intensities. Since the
appearance of the crystal also changed, the intensity drop was
attributed to crystal decomposition and the group scale factors
were applied.

The standard deviations of the intensities, o7, were estimated
from the formula

oy = {[S + (Ts/sz)2(Bl + Bz)] +
K2[S + (T/2Tv) (Bi + Bo) 117" (2)

where .S is the counts collected during scan time 7%, and B; and B,
are background intensities, each collected during the background
time Ty,

The first term in eq 2 is the error due to normal counting statis-
tics, while the second is an empirical term used to account for
other random errors in data collection. K was estimated by
collecting 8 reflections, varying in intensity from weak to very
strong, 24 times each, during the course of the data collection.
A K value of 0.01 caused the best fit of the calculated standard
deviations to the empirical standard deviations. Of the 1366
intensities collected, 74 had I < 2¢r and were coded as un-
observed, being given ‘‘intensities’’ equal to 7 + 207.

Since the most intense peaks had a scan count of only 10,000
dekacounts, no correction for coincidence loss was made. The
large linear absorption coefficient (¢ = 162.5 cm™) made cor-
rection for absorption necessary. The correction factors, which
were calculated using a Fortran IV version of the analytical
integration method of de Meulenaer and Tompa,? ranged from
5.9 to 14.7 with most of the factors in the range 6-8.

Structure Determination and Refinement

Further calculations were performed using the “‘X-
Ray 63" crystallographic computing system of Stew-
art.® Scattering factors of K+, Pb%+, Cu, N, and O
were those tabulated by Cromer and Waber.® In the
original work?® the space group was assumed to be the
cubic space group, Fm3, which for four formula units in
the unit cell allows only one independent nitrogen atom
and one independent oxygen atom. Since enough data
for a unique set assuming an orthorhombic space group
had been collected, initial refinement in the present
study was carried out in the space group Fmmm, which
allows three independent nitrogen atoms and three inde-
pendent oxygen atoms. The positions of the lead,
potassium, and copper ions, as well as the initial overall
temperature factor of 1.2 A2, were taken from the origi-
nal work.%* The metal ions are all in special positions.
A structure factor calculation using only these ions
gave a conventional R factor of 0.175. The conven-
tional R is defined as Z|F, — F,/Z|F,|. A Fourier
synthesis phased on these atoms gave the nitrogen and
oxygen positions. Least-squares refinement of the
structure, using the “X-Ray 63" version of the ORFLS
program with isotropic temperature factors, lowered R
to 0.096, and further refinement with anisotropic tem-
perature factors lowered it only slightly further to
0.094. 1In all refinements the function minimized was
Zw|F, — F,|® If the structure factor of a reflection
coded as unobserved was calculated to be less than the
observed structure factor in any cycle, w for that re-

(8) J. de Meulenaer and H. Tompa, ibid., 19, 1014 (1965).

(9) J. M, Stewart, “Crystal Structures Calculation System X-Ray 1963,
for the IBM 709/7090/7094,”” Technical Report Tr-64-6, University of
Maryland, 1964,

(10) D, Cromer and J. T. Waber, Acta Crystallogr., 18, 104 (1965).
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TABLE III
INTERATOMIC DISTANCES AND ANGLES
This work Neutrons Ref 3a Ref 3b K:BaCo(INO:)s* NaNOz®
Cu-N, A 2.111(4) 2.114.(5) 2.24 2.03
N-O, A 1.260 (4) 1.224 (5) 1.15 1.38 1.23(2) 1.240(3)
Pb-0, A 2.793 (3) 2.794 (5) 2.87 2.72 2.87 (2) (Ba-0)
K-0, A 3.106 (1) 3.116 (5) 3.10 3.13 3.13(1)
0-0, A 2.159 (5) 2.098 (8) 2.13 2.23 2,04 (2) 2,090 (5)
O0-N-0, deg 117.9 (4) 118.2 (1) 136 108 114 (2) 114.9 (5)

@ Reference 12. ® M. I. Kay and R. C. Fraser, 4cta Crystallogr., 14,56 (1961),

flection was set equal to zero. At this stage of refine-
ment all other reflections were given unit weight.

A careful study of the list of structure factors showed
several reflections with F, very much larger than F,.
Since these reflections were all very intense, it appeared
they were suffering from secondary extinction, a con-
clusion confirmed when the data were investigated by
the method of Housty and Clastre.!* The 31 most
intense reflections were therefore not considered in
further refinements. Further refinement with aniso-
tropic temperature factors lowered R to 0.040.

The parameters at this point showed no significant
deviations from those required by the cubic space
group Fm3 and refinement was therefore continued in
Fm3. Intensities of reflections related by threefold
rotation were averaged. The standard deviations of
the averaged intensities were taken as the higher of the
two possible values, the empirical range deviation or
the root-mean-square average of the three individual
standard deviations. Of the 464 independent averaged
intensities, 20 had I,, < 20, and were treated as
“unobserved.”” Eleven reflections were considered to
suffer from secondary extinction and were omitted from
least-squares calculations.

Three cycles of refinement on the averaged data were
performed, again assuming a unit weight scheme, lower-
ing the conventional R to 0.029, while the weighted R,
defined as (Zw|F, — F.|Y/Zw|F,|%)", was 0.035.
Further refinement using a scheme in which w was
inversely proportional to the variance of the F's de-
creased the conventional R to 0.028 and the weighted
R to 0.027. The error in an observation of unit weight
was 1.2, in good agreement with the ideal value of
1.0. All shifts in the last cycle were less than one
standard deviation.

A list of F, and F, values is given in Table I. Posi-
tional and thermal parameters are given in Table II,
along with the root-mean-square displacements of the
atoms.

Description and Discussion of the Structure

The overall structure of K;PbCu(NO;)¢ confirms that
obtained by earlier X-ray determinations,® as well as
the recent neutron diffraction study.® It is isostruc-
tural with K;BaCo(NO,)e.12 In the Cu(INO;)s*~ anion
the NO,~ groups trans to each other are coplanar and
parallel to the axial planes. Figure 1 shows this anion.

If the unit cell is viewed down omne of the crystallo-
graphic axes, the structure may be seen to consist of
alternating layers of two types. At 2z = 0 there is a
layer of lead ions and hexanitrocuprate anions alter-
nating parallel to the crystallographic axes. The next
layer, at 2 = 1/,, consists of potassium ions. The layer

(11) J. Housty and J. Clastre, Acta Crystallogr., 10, 695 (1957).
(12) J. A. Bertrand and D. A. Carpenter, Inorg, Chem., 5, 514 (1966).

Figure 1.—Structure of the hexanitrocuprate anion.

at z = 1/, is the same as the first with the positions of the
lead cations and hexanitrocuprate anions interchanged.

Table III lists the bond lengths and angles found in
this determination and compares them with earlier
work. The values agree quite well with the neutron
diffraction data,’ except for the N-O distance. The
large discrepancies in the earlier X-ray studies are prob-
ably due to inaccuracies in two-dimensional structure
determinations.

The Cu-N bond of 2.111 (4) A is significantly longer
than the equatorial Cu~N bonds in planar or distorted
octahedral complexes, but it is shorter than the Cu-N
distance of 2.150 (2) A in Cu(en);SO;,!® which also has
six donor atoms equidistant from the metal ion. Such
a lengthening is also found in Cu(OMPA);(ClO,),,?
in which the Cu-O bond of 2.065 (2) A is longer than
those reported in more usual tetragonally distorted
complexes.

The symmetry of the anion is 7, which should be
unstable according to the Jahn—Teller theorem.! Sev-
eral explanations have been proposed for the apparent
violation of this theorem. (1) The statically distorted
hexanitrocuprate ions are undergoing hindered rotation
in the lattice.'* (2) The crystal is composed of blocks
with tetragonal symmetry but with equal numbers of
blocks in all three orthogonal orientations (micro-
scopic twinning). (3) Each anion is trapped in one
of three mutually perpendicular tetragonal distortions.
Anions in each of these distortions are distributed at
random throughout the crystal, so that, on a space
average, the structure appears regular.'®!* (4) The
complex is oscillating among the three tetragonal dis-
tortions, so that, on a time average, the structure ap-
pears regular. This is generally referred to as the
dynamic Jahn-Teller effect.!%'® (5) There is some-
thing “‘special”” about the lead ion. 141

(13) D. L. Cullen and E. C. Lingafelter, ¢bid., 9, 1858 (1970).

(14) H, Elliott, B. J. Hathaway, and R, C. Slade, £b¢d., §, 669 (1968).

(18) N. S. Ham, Specirochim. Acta, 18, 775 (1962).
(16) B.J. Hathaway and R. C. Slade, J. Chem. Soc. A, 85 (1968),
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The first explanation is incorrect sinice no evidence of
disorder was found in the X-ray determination, The
second explanation is unlikely, since it would be ex-
pected to give split or broadened spots in the diffraction
photographs, and no such effect was observed. If
either explanation 3 or 4 were correct, the apparent
thermal motion of the atoms, particularly that of the
nitrogen atom, should be affected. Dunitz and Orgel??
have predicted that the temperature factors of atoms
in a complex with a dynamic Jahn—Teller effect should
be unusually large and explanation 3 would give the
same effect. In fact, the thermal parameters of all the
atoms in this complex are of normal magnitude. The
root-mean-square displacements for the nitrogen atom
in the direction of the principal axes of the thermal
ellipsoid are 0.166 (5), 0.166 (5), and 0.198 (5) A.
However, the longest axis, which on the basis of the
estimated standard deviations is significantly longer, is
in the direction of the Cu-N bond. Since bond-bending
amplitudes are normally greater than bond-stretching
amplitudes, this orientation of the thermal ellipsoid is
clearly abnormal and suggests the presence of either the
dynamic Jahn—Teller effect (explanation 4, above) or a
static Jahn-Teller distortion and random orientation
(explanation 3, above). In order to assess the possible
significance of the anisotropy of the nitrogen atom
thermal parameters we have carried out the following
model calculation. Structure factors, 200, were calcu-
lated for hypothetical one-dimensional crystals con-
taining a Cu?* ion at x = 0, nitrogen at x = £2.00 A
with an occupancy factor of ?/;, and nitrogen at x =
+d with an occupancy factor of !/, all atoms having
B = 2.0 A2 Calculations were made for d = 2.1, 2.2,
2.3, 2.4, and 2.5 A, Each of these sets of structure
factors was then used as “observed’ structure factors
and a least-squares refinement was carried out, starting
with Cu?*atx = 0Oand Natx = 2.00 A. In each case
the nitrogen atom refined to a position with x very
slightly less than the weighted mean position and to a
temperature factor, B, which increased markedly with
the assumed separation. Comparison of the results of
these calculations indicates that the anisotropy ob-
served in KoPbCu(NO,)s corresponds to a separation of
0.22 A, which is quite comparable with the difference
of 0.25 A between the longest and shortest Cu-O bonds
in the distorted Cu(H,0)¢?* octahedron in Cu(NH.,).-
{SO4)2 6H,0.® Thus, the results are in good agree-
ment with either explanation 3 or 4.

In the neutron diffraction determination,’ the nitro-
gen atom thermal ellipsoids are isotropic within the
estimated standard deviations. The thermal param-
eters for all the atoms in this neutron study are of
about the same magnitude as those in the present work.
The published report on K:BaCo(NO,)s gave only iso-
tropic thermal parameters.’? Using the published list
of structure factors, we have carried out an anisotropic
refinement of K;BaCo(NO;);. However, due to the
relative inaccuracy of the visually estimated photo-

(17) J. D. Dunitz and L. E. Orgel, J. Phys. Chem. Solids, 8, 20 (1957).
(18) H. Montgomery and E. C. Lingafelter, Ac¢ta Crystallogr., 20, 659
(1966).
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graphic data, as well as the small number of reflections,
the standard deviations are quite large, so that little
significant information could be obtained. In Cu-
{OMPA)2(ClOy4)s* the nitrogen atom thermal ellip-
soid is reported as essentially isotropic and of the same
magnitude as in the Mg and Co complexes. In Cu-
{en);SO4 we have found!® the nitrogen atom thermal
ellipsoid to be slightly larger than that in the isostruc-
tural complex, Ni(en);SO;,!® and elongated along the
Cu-N bond direction. The rms displacements for the
donor atoms in all these complexes are summarized in
Table IV.

TABLE IV
R0O0OT-MEAN-SQUARE DISPLACEMENTS FOR DONOR ATOMS IN
COMPLEXES WHICH ARE APPARENT VIOLATIONS OF THE
JAEN-TELLER THEOREM

Donor

Axis 1 Axis 2 Axis 3 atom
K:PbCu(NOg)6® 0.166 (5)? 0.1866 (3) 0.198 (5)°¢ N
KePbCu(NOs)e? 0.163 (4) 0.175 (10)¢  0.176 (10) N
K:BaCo(NO2)s¢ 0.18 (2) 0.18 (2) 0.18 (2) N
K2BaCo(NOz)e® 0.18 (1) 0.18 (1)¢ 0.22 (1) N
Cu(en)sSOs/ 0.191 (3) 0.211 (4) 0.232 (3)° N
Ni(en)s3047 0.105 (10)¢  0.158 (9) 0.186 (8) N
Cu(OMPA)s(ClOs2" 0.215 0.248 0.263 (o]

o Work done in the present study. ° The figures in paren-
theses are the standard deviations in the least significant digit.
¢ Axis closest to the metal-donor atom bond. ¢ Reference 5.
e Reference 12, ' Reference 13. ¢ Reference 19, * Reference
2. Ni(en)}SOyis included for comparison.

More positive evidence for the existence of a dynamic
Jahn-Teller effect comes from other techniques. The
X-ray powder pattern of KePbCu(NO,)s is tetragonal
at —38°, and the esr spectrum is temperature depen-
dent, being isotropic at room temperature and aniso-
tropic at liquid nitrogen temperatures.!* These data
are consistent with the theory of the structure “‘freez-
ing” into a single tetragonal distortion at low tempera-
tures.

The possibility of the lead ion being ‘‘special” is
based on the observation that K,PbCu(NOy)s is cubic
at room temperature, but K;BaCu(NO;)s and K;CaCu-
(NOy)s have tetragonal unit cells, presumably allowing
the anion to be tetragonally distorted.'* The hitherto
unreported complex K,SrCu(NO,)s has now been pre-
pared by a method analogous to that used to prepare
KoPbCu(NO,)e.b Its X-ray powder pattern shows that
it is isomorphous with the barium-copper complex and
not with the lead—copper complex. This would tend
to discount packing arguments as an explanation for
the cubic nature of the lead—copper complex, since the
radius of strontium (1.14 A) is about the same as lead
(1.21 A). Tt has been postulated!® that because of the
polarizability of the lead ion as compared with the
alkaline earths, there is a lead-oxygen interaction which
tends to stabilize the cubic structure. However, the
mechanism for stabilizing this structure has not been
discussed.
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