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The hexakis(pyridine NV-oxide)cuprate ion, Cu(pyO)s**, doped into the isostructural diamagnetic zinc complex and in undiluted
form as its perchlorate, fluoborate, and nitrate salts, has been investigated by EPR, X-ray diffraction, and magnetic susceptibility
measurements. The Cu(pyO)¢* ion is subject to Jahn—Teller distortions. The EPR spectra, measured as function of the
temperature, indicate phase transitions to statically distorted structures, the nature of which are dependent on the anion.
For the fluoborate complex, the low-temperature phase i§ based on a cooperative Jahn-Teller ordering of elongated octahedral
complexes which is ferrodistortive while two different antiferrodistortive orderings are proposed for the perchlorate and
nitrate complexes. One of these gives a low-symmetry arrangement of elongated octahedra (crystal space group P1), while
for the second the trigonal symmetry of the high-temperature phase is retained and a structure of space group P3, is proposed.
These low-temperature structures are in accord with the results of previously published magnetic specific heat measurements.
All high-temperature crystalline phases are trigonal, except one modification of the nitrate complex, which is monoclinic
and unstable relative to the trigonal phase. The g tensor behavior for this form is in accord with an elongated octahedron.
The diluted systems give three-ion-per-cell spectra at low temperature (below 40 K), which are in accord with a tetragonally
elongated geometry for the isolated Cu(pyO)¢?* cluster, while line-width measurements give a rough estimate of 40 cm™
for the barrier height between the wells in the warped Mexican hat potential energy surface. Analyses of the room-temperature
thermal parameters derived from diffraction measurements for all three copper complexes are also in accord with the presence
of Jahn-Teller distortions, and comparison with the isostructural zinc complexes gives an estimate of 0.40 A for the Jahn-Teller
radius. Extended Hiickel calculations predict the tetragonally elongated geometry to be marginally more stable than the
compressed geometry and give values of 2350 cm™ and 0.28 A for the Jahn-Teller energy and radius, respectively. In

addition, they give g and A tensor magnitudes in reasonable agreement with experiment.

1. Introduction

Jahn-Teller distorted copper(Il) complexes have been
subject to intensive investigation during the past several years.
For octahedral or near-octahedral complexes with six equiv-
alent atoms in the first coordination sphere, dynamical be-
havior is commonly observed in the EPR spectra at ambient
temperature,? and structure analysis at this temperature often
reveals that the copper ion occupies a site of cubic or trigonal
symmetry.+® Such structures have been interpreted in terms
of either a dynamic model or a superposition of static Jahn—
Teller distorted complexes in which the metal ion has a tet-
ragonal geometry. Even when the copper ion resides at a site
of lower symmetry, dynamical properties can sometimes still
be observed,”® and this has been described as a pseudo-
Jahn-Teller effect.’

Lowering the temperature of such complexes leads to a
freezing out of the dynamical distortions below the Jahn-Teller
transition temperature, and in the case of the pure species such
a process is accompanied by at least one first-order structural
phase transition.!>!2  The nature of the low-temperature
structure is strongly dependent on the nature of the cooperative
effects in the lattice, dramatic differences in EPR spectra often
being associated with small changes in lattice dimensions or

subtle changes in the nature of the counterion.!%121>  Studies

on doped systems on the other hand are not complicated by
cooperative effects, and EPR measurements have confirmed
the general form of the warped “Mexican hat” potential energy
surface with three equivalent minima, established for the
coupling of a doublet (E) electronic state with the Jahn—Teller
active vibrations of e symmetry including nonlinear terms in
the Hamiltonian.'617  With the exceptions of Cu(II) doped
into MgO!® and Zn(imidazole)¢Cl,'® such measurements for
diluted high-symmetry octahedral copper complexes yield a
three-site spectrum and have indicated that these potential
energy minima correspond to tetragonal elongated structures.

*To whom correspondence should be addressed at the University of
Massachusetts.

Those complexes of copper(II) that have featured promi-
nently in the development and testing of the theoretical models

and whose structural and EPR results are pertinent to the

subject matter of the present paper include the series
M,M'Cu(NO,)s (M = K*, Rb*, Cs*, TI*; M’ = Ca?*, Sr?*,
Ba?*, Pb2*)41013-15.2021 and the tris(ethylenediamine) complex
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Figure 1. Room-temperature structure of the M(pyO)¢** complexes:
(a) Cu(pyO)¢** viewed along the crystal threefold axis and (b) a
perspective view of the rhombaohedral unit cell of Cu(pyO)s(NOs),
showing the packing of cations and anions.

Cu(en);** in the forms of its sulfate and chloride salts.2%!22?
In the case of the hexanitro complexes, the X-ray structures
observed below the Jahn-Teller transition temperature are
strongly dependent on the nature of the cation, M’, and these
differences are also reflected in the EPR spectra.

The series of hexakis(pyridine N-oxide)metalate complexes,
M(pyO)¢X,, where M = Mn, ..., Zn and X = ClO,” and BF,",
have proved to be of considerable interest with respect to their
electronic properties, since the discovery that they are iso-
structural and crystallize in the trigonal space group R3 with
one molecule having S symmetry per primitive unit cell.?-2*
The room-temperature structure of the M(pyO)¢2* units and
the cation packing are illustrated in Figure 1. As a conse-
quence of the trigonal distortions in their electronic properties
and the mode of cation packing in the near cubic primitive
unit cell, a variety of magnetic ordering phenomena have been
observed at very low temperatures?® for all the complexes
including those of copper which at room temperature have the

Wood et al.

Table I. Unit Cell Dimensions for Cu(pyO), X, Complexes

temp,
anion K cell lengths, A cell angles, deg space group

ClO, 95 aR=9469(3) «=80.9(1) R3
BF, 95 ap=9453(3) a=81.3(1) R3
20  a=9.465 a=81.6 P1
b=9.458 g=81.6
€=9.445 y=81.5

NO, RT® ap=9.480(3) a=83.5(1) R3
RT 4a=9.542(4) $=100.4(2) P2, /c(Z=2)
b=9.862 (4)
¢ =18.642 (7)

¢ Room temperature.

same trigonal crystal structure as the other cations.”? How-
ever, for the copper complexes, de Jongh and co-workers? find
that ordering models based on a simple cubic lattice are un-
satisfactory, the magnetic behavior of the fluoborate and
perchlorate salts being in accord with § = !/, planar and
linear-chain Heisenberg antiferromagnets, respectively. Co-
operative phase transitions to different low-temperature
structures based on tetragonally distorted Jahn—Teller geom-
etries are therefore suggested by these results, analogous to
the situation observed for the hexanitrocuprate complexes with
different cations,!0-20

Simultaneous with these low-temperature magnetic studies
we commenced a detailed EPR investigation of both copper
complexes and have shown that at room temperature they
undergo a dynamic Jahn-Teller effect and that when doped
into the isostructural zinc host lattice, the three sites char-
acterized by the tetragonally elongated geometry are produced
below ca. 50 K.?? Further studies demonstrated the impor-
tance of the nature of the solvent used for crystallization,®
and EPR measurements on the pure complexes at low tem-
peratures confirmed that cooperative Jahn—Teller distortions
lead to differing structural phase transitions depending on
whether the anion is C1O, or BF,~*! In order to characterize
further the influence of the anion on the dynamic to static
transition, we have studied the isomorphous nitrate complex,
Cu(pyO)(INO;),, by X-ray diffraction and EPR spectroscopy
and have carried out a more detailed study of the low-tem-
perature phases and the influence of the solvent, principally
by using EPR spectroscopy. The present paper describes these
experimental EPR results, includes an analysis of the thermal
motion parameters for the copper complexes derived from the
room temperature diffraction results in terms of the Jahn—
Teller distortions, and discusses possible structures for the
low-temperature phases based on ferro- and antiferrodistortive
models. In addition, we have carried out extended Hiickel
calculations of the Jahn-Teller parameters and the g and
hyperfine tensors for the Cu(pyO)¢2* species for various de-
grees of tetragonal distortion.

Simultaneous with our investigations on these systems, we
learned of the EPR studies of Professor Reinen at Marburg
on the undiluted perchlorate and fluoborate salts. Their results
obtained from powder and single-crystal measurements have
recently been published.??

2. Experimental Section

2.1. Preparation of Complexes. The copper and zinc perchlorate,
tetrafluoroborate, and nitrate complexes were prepared according to
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Figure 2.  scans of the 043 reflection (2 = 38.9°) of Cu(pyO)s(BF,), recorded at 80 and 20 K by using neutron radiation (A = 1.1621 A).

literature methods® using ethanol as solvent and an excess of the
purified ligand to prevent formation of the four-coordinate complexes.
Samples of the isotopically pure $3Cu complexes were prepared from
6CuQ. Single crystals of the pure copper complexes and of the
copper-doped zinc complexes containing from 0.5 to 5% copper were
obtained by slow evaporation of solutions of the complexes in either
DMF, ethanol-DMF mixtures, ethanol, or acetonitrile. Ethanol and
DMF were the solvents used previously for the preparation of crystals
for magnetic specific heat measurements.??® Crystals of the nitrate
complex obtained from ethanolic solution were found to be of two
types, one having the rhombohedral prism morphology exhibited by
crystals of the perchlorate and fluoborate complexes, while the second
form had a pronounced acicular habit. Both forms gave satisfactory
analyses for Cu(CsHsNO)(NO;),.

2.2. Diffraction Measurements. Various sets of unit cell dimensions
for the Cu(pyO)eX, complexes are summarized in Table I. The
isomorphism of the first form of the nitrate complex with the rhom-
bohedral perchlorate and fluoborate complexes?” was confirmed by
X-ray diffraction and a complete structure analysis carried out at room
temperature to obtain the thermal motion parameters.**** Crystals
of the second modification were found to belong to the monoclinic
system but to convert gradually to the rhombohedral form, a process
which is accelerated by grinding. A complete structure analysis of
this form was not undertaken. However, the analogous complexes
Cu(CH,;CsH,NO)** appear to be essentially isomorphous with this
monoclinic form, and we have recently found that these contain
tetragonally elongated complexes. We conclude therefore that the
monoclinic nitrate complex also has the statically distorted geometry.

Cell dimension measurements for the fluoborate and perchlorate
salts at 95-105 K indicated that trigonal symmetry was retained for
both complexes at this temperature. Measurements at lower tem-
peratures using neutron diffraction have been initiated by Dr. R. K.
Brown at Brookhaven National Laboratory, and preliminary results
available for the fluoborate complex suggest that a first-order phase
transition from the rhombohedral (high-temperature) cell to three
triclinic cells occurs close to 60 K. w scans have shown that strong
high-angle reflections are resolved into three components as the
temperature is lowered, and an example of such scans for the 043
reflection is given in Figure 2. The cell dimensions obtained at 20
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Figure 3. The orientation of the three orthogonal planes in which
single-crystal EPR measurements were made for the pure Cu(pyO)¢X,
salts. The origins and directions of rotation conform to those indicated
in Figure 5.

K show only marginal changes from those at higher temperature. The
transition appears to be reversible.

2.3, EPR Measurements. Powder measurements were made at
room and liquid-nitrogen temperatures on a Varian E-9 EPR spec-
trometer at X-band (9.5-GHz) frequency equipped with a Varian
cryostat. Single-crystal measurements were carried out at both Q-band
(35-GHz) and X-band frequencies on a Varian E-12 spectrometer
using Oxford Instruments’ continuous-flow variable-temperature
cryostats, Models BKESR12 (for X-band) and BK35ESR (for Q-
band), equipped with temperature controller, Model CE5410. The
magnetic fields were measured with a Bruker NMR oscillator, Model
B-NM12, and klystron frequencies by a Systron Donner counter,
Model 1037-S, and a Hewlett-Packard HP52462 counter, both
equipped with plug-in units. Single crystals used for room-temperature
measurements at Q-band frequency were aligned by X-ray precession
photography, the goniometer with crystal attached being moved to
the cavity with an accuracy of ca. 1°. Crystals used for variable-
temperature studies were aligned optically by use of polarizing and
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Table II. Summary of Anion and Solvent Dependence of EPR Spectra of Pure and Zinc-Doped Cu(pyO), X, Complexes

€10, N0 BF, NO3 (menoclinie)
solvent used for DMF or DMF/C,H50H C,HgOH, CH3CN DMF, CoH5OH, CH3CN DMF  C,HgOH, CH3CN CoH50H
crystallization
A. pure compounds
1. powder anisotropy of e-
JT temp <77 K <77 K <77 K | > 77 K l > 77 K longated octahe-

above JT temp

apparent isotropic, no hyperfine (as in all spectra of pure compounds)

dron; in course

of time going

below JT temp anisotropy of

over into trigo-

anisotropy of e-

nal modification

| line at all tem~

peratures; aniso-—

tropy of elongated

compressed longated octahedron
octahedron
2. single crystal
JT temp 55 K | 60 K 30 K 35 k| 42-55 K
above JT temp small anisotropy, 1 line
below JT temp [l line, small 3 lines, of which 2 have ~ equal 3 lines of which 2
anisotropy intensities - anisotropy of com- have equal intensi-

pressed octahedron

octahedron

ties - anisotropy of

elongated octahedron

CoHgOH, CHZCN

DMF

B. doped systems

1. singlecrystals

same observations as in crystals

from CoHsOH or CH3CN. Besides:

varying percentage of molecules
with one or two ligands substitu-
ted by DMF. These molecules appear
in the EPR spectra as statically

JT temp similar to: pure compounds from CoH50H

above JT temp small anisotropy, no hyperfine splitting

(295 ¥)

above JT temp small g anisotropy, near-isotropic hyperfine splitting
(~ 120 K)

distorted JT systems at all tempe-
ratures with g and hyperfine va-

below JT temp

3 sites with g and hyperfine anisotropy of elongated

lues slightly different from pure
molecules.

octahedron

conventional microscopes. At X-band frequency, three mutually
orthogonal planes of the rhombohedral-shaped crystals were measured
with the crystals rotating around [100] g, [011] g, and [100]z X [011]k.
The crystal planes and rotation directions are indicated in Figure 3.

For Q-band measurements, the crystals were mounted via the (100)z
face, only one crystal mounting being used at this frequency. From
such measurements data were available for three sites, so that since
the sites in the doped crystals are related by a threefold axis, complete
information to determine the g and A tensors is available. Spectra
were recorded at either 5 or 10° intervals, although for regions of
overlapping sites, an interval of 1 or 2° was chosen for the doped
crystals. The rotation data for the doped crystals were fitted by
least-squares procedures using the program SPINHAM,’ the spin
Hamiltonjan used being of the form #g = ugB-g:S + S A-I: + [.P.I
— ung,BI. No restrictions were made with respect to the orientation
of the principal axes of the g, hyperfine, and quadrupole tensors. The
average deviations in the magnetic fields at the least-squares minima
were 4.5 and 15 G for the room- and low-temperature data, re-
spectively, For the interpretation of the spectra obtained for the
undiluted complexes where no hyperfine structure is observed, the
program GAPLSD*® was used.

2.4. Mass Spectroscopic Measurements. EPR studies suggested
that small amounts of solvent of crystallization are present in the
crystalline samples used. In order to confirm this observation and
to estimate the amounts of solvent present, high-resolution mass
spectroscopic measurements were carried out at Delft University of
Technology through the cooperation of Dr. J. Reedijk. For the crystals
grown from pure DMF or DMF-ethanol mixtures relatively large
amounts of DMF, in the range 10-100 ppm on a weight basis, were
detected. The upper limit of 100 ppm indicates the presence of 1
molecule of DMF/10? molecules of complex. For crystals grown from
acetonitrile and ethanol, much smaller amounts of solvent were de-
tected, only in the range 1-10 ppm by weight. For the purposes of
the Results and Discussion sections we consider the crystals grown

(36) Keijzers, C. P.; Paulussen, G. F. M.; de Boer, E. Mol. Phys. 1975, 29,
973.

from DMF-containing solutions as solvated and those from ethanol
or acetonitrile as unsolvated.

2.5. Magnetic Susceptibility Measurements. These were carried
out over a temperature range from room to 2 K on powdered samples
of Cu(pyO)¢(ClO,), and Cu(pyO)s(BF,), on a PARR vibrating
sample magnetometer, Model 155. Samples of the perchlorate complex
obtained from both DMF and ethanol were measured. Single-crystal
magnetic anisotropy measurements were made on the perchlorate salt
with a Newport Instruments magnet and cryostat, by using the
“angle-flip” technique. Crystals of weight ca. 20 ug were used, and
they were mounted on the quartz fiber of the suspension system,
parallel to and normal to the trigonal axis of the crystal.

3. Results

3.1. EPR Spectra. 3.1a. Pure Complexes. In this category
we include single crystals and powders of the Cu(pyO)¢X,
complexes obtained from ethanol or acetonitrile solution.

Room-temperature measurements of both powder and sin-
gle-crystal samples of the trigonal complexes yield a single
signal, which in the case of the crystals, exhibits a small an-
isotropy with g, > g (parallel to the crystal Cj axis).

There is no evidence of hyperfine structure in any of the
spectra, indicating that spin exchange between adjacent
molecules is fast enough to average the hyperfine interactions.
There is, however, a variation in the line width in the single-
crystal spectra above the Jahn-Teller transition, which ranges
from 55 to 100 G, the maximum value coinciding approxi-
mately with the direction of maximum anisotropy of the
low-temperature g tensor. The line widths are reduced
somewhat on lowering the temperature, until within 10-15°
of the Jahn—Teller transition temperature when appreciable
broadening on the signal occurs. The single-crystal EPR
spectra of the complexes below the transition temperature will
be described separately while a summary of the main results
is given in Table 11 and the principal values of the g tensors
are listed in Table IIIA,
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Table III. Principal Values and Orientations of g, A, and P Tensors Derived from Single-Crystal EPR Measurements
(A) Pure Cu(pyO), X, Complexes

Tmeasd TJT>a
solvent X site 8x &y &2 K K 903b 6,,° 6,.° 6,,°
CH,CN 1 2.218 2.241 2.075 54.6
Clo, 2 2.219 2.238 2.085 4.2 60 K 53.0 91.7 86.5 84.4
(C,H,OH)4 3 2219 2239 2.082 52.9
DMF Cl0, 2.19 2.17 295 0
(DMF/EtOH) . 2.192 2.168 4.2 0
DMF 1 2.096 2.092 2.346 35 K (DMF) 59.7
(C,H,OH) BF, 2 2.095 2.088 2.341 4.2 56.1 91.6 93.7 94.9
(CH,CN) 3 2.096 2.086 2.345 48 K (C,H,OH) 55.9
DMF BF, 2.19 2.17 295 e ’ 0
DMF (C,H,OH) BF, e 2.067 2.075 2.367 77 >77K -
C,H,OH 1 2.221 2.238 2.075 524
NO, 2 2.225 2.234 2.082 4.2 30K 50.6 85.1 85.2 81.0
(DMF) 3 2.223 2.237 2.084 49.8
C,H,OH NO, f 2.337 2.088 2.072 295 none ce
(B) Doped **Cu/Zn(py0),X, Complexes
1074, 1074, 10744,
(Px)a (Py)’ (Pz)’ Tmeasd: TJT, .
solvent X &x gy &z em™! cm™! K K 903b 6c,% 6g,.4,'
CH,CN (Q-band) BF, 2.061 2.088 2406 -0.1(-2.9) 0.00.7) 107.72.2) 42 47 571 58 175
\
56 48.7 11.6
DMF/C,H,OH (Q-band) ClO, 2.187 2.165 4¢7 0 .
2.074 2.087 2375" —1.7(-3.9) 2.3(1.6) 115.0(2.3) 295 50 564 6.2 5.4
509 6.5
C,H,OH (X-band) 2.19 2.17 295 43 0

@ Ty, Jahn-Teller transition temperature, corresponds to appearance or disappearance of low-temperature sites. b 6¢c.: angles (deg) of in-
clination of principal axes (g, or A;) of the g or A tensors with the crystal C, axis—values for g listed first. © 8;;: angles (deg) between princi-
pal axes (g;) of tensors of sites ; and j. @ Similar behavior also observed for solvents listed in parentheses. ¢ Powder measurement.  Meas-
urements for triclinic form. # Angles (deg) between principal axes of tensors and C, axis of elongated octahedron. h Results for solvated

complex. * Degrees.

(i) Cu(pyO)4(BF,),. On cooling of the crystal, the isotropic
spectrum is transformed into one giving three magnetically
nonequivalent sites, and sample spectra, illustrating the tem-
perature and rotational dependence, are given in Figure 4i.
The isotropic and anisotropic signals are present in the spec-
trum together over a small temperature range. Single-crystal
spectra were recorded for the three orthogonal planes indicated
in Figure 3. The angular variations of these spectra are il-
lustrated in Figure 5i, and their analysis yielded the g tensors
for the three sites (Table ITIA). The g tensor (g, > g ) is
typical for copper(1I) in a tetragonally elongated environment.

For each of the low-temperature sites there is a considerable
line width variation, and the relative intensities of the three
sites differ so as to give two with near equivalent intensity.
The intensity of the third site can be either higher or lower
and depends on the crystal sample, although in no apparent
systematic fashion. This feature is illustrated in Figure 4i,ii
where spectra are shown of crystals grown from ethanol and
from DMF. In-the latter case one site accounts for almost
all the spectrum intensity, and we comment on this later. The
principal axes of the g tensors differ slightly in their inclination
to the crystal C; axis and in their mutual inclination angles,
effects that are presumably related to the crystal phase change
and the production of the inequivalent sites or domains (Table
IIIA).

In contrast to our results, Reinen and Krause®? report that
they observe the Jahn-Teller transition for single crystals at
90 K. However, magnetic susceptibility and neutron dif-
fraction measurements, together with the EPR spectra depicted
in Figure 4i, all support a transition temperature some 40 K
lower.

(ii) Cu(py0)s(Cl0O,),. As for the fluoborate salt, on cooling
of crystals of the perchlorate complex, the nearly isotropic
spectrum is transformed into one giving signals for three

magnetically inequivalent sites and Figure 4iii depicts this
behavior and gives the temperature and rotational dependence.
In common with the fluoborate salt the anisotropic and iso-
tropic signals coexist over a small temperature range, the
relative intensities of three sites differing, such that two are
nearly equivalent, while the third has either higher or lower
intensity.

In complete contrast to the former, however, are the g tensor
relationships for the three sites in the low-temperature spec-
trum. The three sites have near equivalent tensors but with
the reversed g relationship g, > g, > g.. The angular vari-
ations of the spectra for the three measured planes are illus-
trated in Figure S5ii, and this clearly shows behavior which is
the reverse of that found for the BF, salt.

(iii) Cu(pyO)s(NO;),—Trigonal Modification. The EPR
behavior for single crystals of this form parallels that described
above for the crystals of the perchlorate salt; i.e., “reversed”
g tensors are obtained for the three sites below the transition
temperature. The transition temperature is somewhat lower
than those for the ClO,~ or BF, salts.

(iv) Cu(pyO)4¢(NO;),—Monoclinic Modification. For
crystals of this form, only one signal is observed at all tem-
peratures although the nearly isotropic signal characteristic
of the high-temperature trigonal form is also very weakly
observed in the room-temperature spectra. The exchanged
averaged crystal g tensor at room temperature exhibits nearly
the molecular g anisotropy observed for the fluoborate salt,
suggesting that the two magnetically inequivalent ions have
their tensor axes nearly aligned. We therefore conclude that
the statically distorted Jahn—Teller complex having the tet-
ragonally elongated geometry is present in these crystals.

(v) Powder Spectra. The powder spectra and their tem-
perature dependence are illustrated in Figure 6 and are as
expected on the basis of the single-crystal spectra, with two
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Figure 5. Angular variations of the g tensors for three mutually
orthogonal planes in single crystals of (i) Cu(pyO)s(BF,), and (ii)
Cu(py0)s(ClOy),. Ninety degree segments of the planes are illus-
trated, with the origins and directions of rotation being those indicated
in Figure 3.

X = CLO,, BF,,NO,

295K
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X BAND POWDER SPECTRA OF Cu(PYO)6X2

Figure 6. X-band EPR spectra of polycrystalline samples of Cu-
(pyO)sX; complexes.

exceptions: (1) For the fluoborate complex, the Jahn—Teller
transition temperature is some 40 K higher than in the sin-
gle-crystal spectra. The observation concurs with that of
Reinen and Krause.’? (2) The powder spectrum of the
monoclinic form of the nitrate complex gives the isotropic
signal characteristic of the dynamic Cu(pyO)¢?* complex, in
addition to the lines associated with g, and g, for the single
crystal, and after a short interval of time, this signal becomes
the predominant feature in the spectrum, suggesting a solid-
state phase change from the monoclinic to the trigonal form.

3.1b. Solvated Complexes. Under this heading we describe

the results obtained for crystals of the undiluted complexes

grown from DMF or DMF-ethanol mixtures.
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(i) Cu(pyO)¢(BF,),. Crystals of the fluoborate salt give
essentially the same EPR spectra as those obtained from
ethanol or acetonitrile; i.e., three sites are produced each with
g1> g.. For the DMF grown crystals, however, one site or
domain predominates and this is evident in the spectra illus-
trated in Figure 4ii. In addition the transition temperature
is significantly lower (Table IITA).

(ii) Cu(pyO)4(C10O,),. In contrast with the fluoborate salt,
the EPR behavior of perchlorate salt crystals grown from
DMF differs markedly from that of crystals grown from
ethanol. The Jahn—Teller transition is not discernible, there
being no change in the spectrum on lowering the temperature
from 295 to 4.2 K. As indicated in Table IIIA, an axial g
tensor (g, > g) is observed which differs insignificantly from
the room-temperature tensor.

(iii) Cu(pyO)s(NO;),. For these crystals, both types of
behavior exhibited by the perchlorate salt crystals are found,
i.e.; that described in 3.1a(ii) and immediately above.

3.1c. Doped Systems. The spectra for the copper complex
doped into the zinc host, Zn(pyO)e?*, have been reported
previously by O’Connor, Sinn, and Carlin?’ and by ourselves.?®
In addition, the solvents of crystallization have been shown
by us to have a profound influence on the spectra.’® The
former authors did not appreciate this point and interpreted
their room-temperature spectra for dilute samples grown from
DMF solution in terms of a static Jahn-Teller effect for the
Cu(pyO)¢* ion. As well as showing an isotropic signal, these
spectra contain two sets of three magnetically nonequivalent
sites related by the crystal threefold axis and each having a
large g anisotropy. Rather than attributing these extra sites
to static Jahn—Teller distorted complexes, however, on the basis
of our published spectra we believe they arise from solvated
complexes.’® The intensity ratio of the two sets of extra sites
is close to 1:6. The g and A tensors for the stronger set are
given in Table IIIB, and they differ only slightly from those
of Cu(pyO)¢?* (also reported in Table ITIIB) which were de-
rived from low-temperature spectra. The g and 4 values for
the weaker set are ~2.36 and ~134 X 10~ cm™., respectively.
Due to extensive overlapping of lines in other than the low-field
region, it was not possible to obtain the complete tensors for
these sites.

The near-zero magnitudes of the perpendicular components
of the A tensors for both Cu(pyO)¢?* and the stronger set of
extra sites made assignment of signals in the high-field regions
of the spectra difficult, the forbidden transitions being more
intense than allowed ones. Hence the values for A4, and A,
are subject to large uncertainties.

Doped crystals grown for solvents other than DMF are not
complicated by the presence of the extra sites and Figure 7
illustrates the behavior of the isotropic signal with temperature
for such a crystal containing C1O,™ as anion at X-band fre-
quency with the magnetic field displaced slightly from the
crystal C; axis. When the temperature is raised, the signals
for the three magnetically inequivalent sites broaden and at
ca. 45 K are replaced by the four hyperfine lines of the iso-
tropic spectrum. The widths of the four lines decrease with
increasing magnetic field for the temperature range 60—140
K, while above 140 K the spectrum becomes more symme-
trical, although the magnitude of the hyperfine splitting is not
much affected. Above ca. 190 K all fine structure is absent.
In addition to the main signals, a weak isotropic signal also
appears at high field in spectra up to ca. 50 K. We presently
have no explanation as to its origin.

The resolution of the hyperfine structure of the isotropic
signal is at a maximum with the magnetic field parallel to
[111]g. The splitting is 35.1 X 10 cm™, very close to the
average (4, + A, + A4,)/3 of the values for the low-temper-
ature sites. The hyperfine lines reach their maximum width
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Figure 7. Temperature dependence of the X-band EPR spectra of
a single crystal of 0.02 Cu/Zn(pyO)y(ClO,), obtained from ethanol.
The magnetic field is almost parallel to the [111]g direction.
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close to the direction of maximum g anisotropy for the low-
temperature sites, an observation which parallels that made
for the line width variation of the isotropic signals of the
undiluted complexes.

At Q-band frequency the hyperfine structure is not resolved,
presumably because of increased line width and consequent
overlapping of the signals. In addition, although the low-
temperature and isotropic signals coexist over a 10 K range
(from 47 to 56 K) for the BF, salt, much as for the undiluted
systems, there is a long temperature interval (50-95 K) after
the disappearance of the low-temperature signals and before
the isotropic signal appears, in the case of the perchlorate salt.
The reason for this difference is presently unclear.

The powder spectra which have been recorded by Reedijk
and Nieuwenhuijse®” at temperatures from ambient to liquid
nitrogen are in essential agreement with our single crystal
results.

3.2. Magnetic Susceptibility Measurements. Bulk suscep-
tibility measurements for the perchlorate and fluoborate salts
were made over a temperature range from 2 to 250 K, and
we have reported the results in graphical form previously.*
The susceptibility of both salts may be described by the Cu-
rie-Weiss law in two distinct regions: from 55 to 250 K with
© = -21.7 X for the ClO, salt and —15.2 K for the BF, salt
and from 2 to 45 K with © values of -2.4 and -2.9 K, re-
spectively, this latter pair of Weiss constants being comparable
to those previously reported.?” There are distinct changes of
slope in both plots in the region of 50 K, and these we associate
with the first-order phase transition caused by the dynamic
to static Jahn—Teller transition. The O values are indicative
of considerable exchange, the nature of which has been elu-
cidated by specific heat measurements®® in addition to the
low-temperature EPR measurements reported by Reinen and
Krause* and in the present paper.

The single-crystal susceptibilities, measured for the per-
chlorate salt over the temperature range 90-295 K, indicate
a rather small anisotropy with x ; > x in accord with the
high-temperature EPR data. The g values derived from these
measurements, however, g, = 2,39 and gy = 2.34, are higher
than those obtained from EPR results.

4., Discussion

The accumulation of EPR results described in the previous
section and in earlier reports,?®*2 together with the structural
data,”* 3 indicate that the Cu(pyQO)** ion exhibits a dynamic
Jahn-Teller distortion at temperatures above ~50 K and a
variety of cooperative effects, based on a statically distorted
tetragonal structure, below this temperature, We first discuss
the room-temperature X-ray structures of the Cu(pyO),** ions
in terms of the dynamic Jahn-Teller effect and then follow
this with an analysis of the EPR results.. Finally we summarize
the results of Hiickel calculations of the Jahn-Teller param-
eters.

4.1, Analysis of Thermal Motions and Comments on
Structures. In all the trigonal complexes, the metal ion is
crystallographically required to have 3 symmetry with
equivalent Cu—O bond distances. Since such symmetry is
incompatible with the Jahn—Teller theorem, the complex cation
should show a dynamic or disordered static distortion that is
incorporated in the thermal motion parameters for the oxygen
atoms and possibly the entire ligands. The thermal parameters,
given in Table IVA and derived from our own results®* and
those in ref 27, show remarkable similarity for the copper
complexes on the one hand and the zinc complexes on the
other. The largest root-mean-square displacements of the
oxygen thermal ellipsoids respectively make an angle of ca.

(37) Reedijk, J.; Nieuwenhuijse, B., private communication. Nieuwenhuijse,
B. Ph.D. Thesis, Twente Technological University, 1974.



Copper Pyridine N-Oxide Complexes

Table IV, Thermal Motion Analysis Parameters for
M(py0),X, Complexes

(A) Root-Mean-Square Displacements Uy!/? (A)
for the Metal and Oxygen Atoms and the Angles
between the Principal Axes of the Thermal Ellipsoids
of the Oxygen Atoms and M-O Bond Vectors (8; in deg)

anion atom U,M* @, U,'? 6, U,'/* 6,
clo, Cu 0202 0.202 0.171

O 0257 314 0.243 587 0.209 879
BF, Cu 0.209 0.209 0.192 '

0 0270 350 0252 550 0221 887
NO, - Cu 0202 0.202 0.192

0 0274 369 0252 541 0.213 826
Clo, Zn 0.187 0.187 0.180

O 0.234 828 0.198 86.4 0.183 86
BF, Zn 0.208 0.208 0.185

O 0252 882 0219 534 0.197 36.6
(B) Rigid-Body Parameters for Pyridine N-Oxide Ligands

(i) Amplitudes of Libration (deg) and Angles
with the Ligand Inertial Axis System®

x y z
M=Cu
L,=17.6(8.9P 235332 97.3 (93.3) 67.8 (57.0)
L,=4.74.8) 66.8 (65.3) 81.4 (44.4) 155.1 (124.2)
L,=3.5Q2.5) 93.5 (110.7) 11.3(45.8)  179.3 (51.6)
M=1Zn
L,=17.4(@8.5) 34.4 (31.1) 90.4 (90.3) 55.6 (58.9)
L,=4.04.6) 55.6 (59.0) 87.5 (85.6) 143.5 (143.5)
L;=3.3(3.7) 90.0(92.3) 2.54.4) 87.5 (86.6)
(ii) Amplitudes of Translation (A) Reduced to Correspond
to Nonintersecting Axis Description and Angles
Referred to Ligand System
x y z
M=Cu
T, =0.237 (0.258) 59.8 (58.9) - 30.7 (32.6) 85.0 (98.8)
7, =0.202 (0.192) 46.5(52.3) 108.8 (118.0) 130.5 (129.8)
7,=0.195 (0.214) 58.5(53.2) 113.3(103.6) 40.9 41.2)

M=1Zn
0.208 (0.219) 47.7 (50.9) 48.0 (48.0) 108.5 (113.2)
0.198 (0.219) 48.5 48.1) 137.2 (136.4) 99.7 (99.9)
0.166 (0.179) 70.8 (66.7) 96.8 (99.6) 159.5 (154.5)

(iii) Root-Mean-Square Deviation
between (Ujj)onsg 2nd (Ujjdealed

T,
T,
T

o

M X rms AUy, Al o(Uif)obsd
Cu Clo, 0.0047 0.0029
Cu BF, 0.0068 0.0026
Zn clo, 0.0018 0.0022
Zn BF, 0.0021 0.0025

@ The ligand coordinate system is oriented such that X and Y lie
in the ligand plane with X directed along the C, axis (O-N bond’
direction). The origin is taken as the center of mass. ¥ The val-
ues in parentheses are for the tetrafluoroborate complex.

35° with the Cu~O bonds but are almost orthogonal to the
Zn—O bonds, so that in the two zinc complexes, the amplitude
of motion along the bond direction is close to the minimum,
while in the copper complexes it is near a maximum. Cullen
and Lingafelter® and more recently Ammeter and co-workers®
have shown that it is possible to derive information on the
magnitude of the Jahn—Teller distortions from the thermal
parameter data, and we have followed the approach of the
latter in our analysis.

With the assumption that the contributions from the
Jahn-Teller inactive vibrations are comparable for the copper

and zinc complexes, we compute displacements, (Ad2)/2;y, for
each bond as 0.165 and 0.163 A, for the perchlorate and
fluoborate complexes, respectively. These in turn give values
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of 0.404 and 0.399 A for the Jahn-Teller radius, R 1> and these
radii lead to predicted Cu—O bond distances of 1.975 and 2.323
A for the static elongated geometry. Although there are no
structural details available for the Cu(pyQ)¢?* ion itself in a
statically distorted geometry, results are available for the
closely related complex Cu(4-CH,C;H,NO)2* formed with
the ligand 4-picoline N-oxide.** This complex, in the form of
its perchlorate salt, has Cu—O bond distances of 1.950, 2.032,
and 2.386 A compared to 2.080, 2.115, and 2.176 A for the
Zn-O bonds in the isomorphous zinc complex. These values
lead to a Jahn-Teller radius of 0.432 A for the static geometry.

Turning to the thermal motion patterns for the entire lig-
ands, we have obtained their rigid-body motion parameters
by using the generalized TLS procedure,*® and the results are
summarized in Table IVB. Comparing the root-mean-square
deviations between the observed thermal parameters and those
calculated from T, L, and S, with the averaged esd [o(U})],
we find that the ligands behave as essentially independent rigid
bodies, this model being somewhat more satisfactory for the
zinc than for the copper complexes. The principal difference
between the sets of rigid body parameters for the two groups
of complexes appears to be in the translational tensors, the
magnitudes of the T; components being significantly larger
for the copper complexes. While we attribute these differences
to the presence of Jahn—Teller distortions, we have not at-
tempted to extract any quantitative estimate of Ry from them.

4.2. Analysis of EPR Results. 4.2a. Doped Systems and
the Nature of the Static — Dynamic Transition. The results
for the doped systems prove that the g and A tensors for the
three low-temperature sites are typical of a copper ion in a
tetragonally elongated environment (D) with an [x2 — y2)
ground state and the signal intensities are in accord with equal
populations of the three wells in the warped “Mexican hat”
potential. There is a small rhombic component to both g and
A tensors, neither of which has its major axis coincident with
a Cu-O bond direction of the room-temperature structure.
However these results are not unexpected since the distorted

complex will only have inversion symmetry.

All the results from EPR measurements are in accord with
strong Jahn-Teller coupling in the Cu(pyO)¢2* ion; i.e., Ejp
(the Jahn—Teller energy) > Aw (the energy of the active ¢,
vibration), and indicate that the tunneling splitting 3T between
the ground-state doublet and the first excited vibronic singlet
is very small. However, the fact that the isotropic spectra
appear at 45-50 K suggests that the barrier height, B, between
the potential wells is quite low. Therefore, the overlap between
the ground states associated with the different wells may not
be negligible, and the tunneling splitting may be comparable
with the off-diagonal terms of the Zeeman interaction. This
would lead to g tensor behavior and relative signal intensities
that are quite complex.’® Insuch a case, however, Ham?%
has shown how the presence of weak random strain due to
crystal imperfections can be expected to dominate other an-
isotropic effects and lead to a static Jahn—Teller effect when
a dynamic effect might have been expected.

In order to assess this possibility, we have calculated an
approximate estimate of the barrier height from the temper-
ature variation of the hyperfine line widths in the low-field
region of the spectrum. The average lifetime, 7, of the complex
in one of the potential wells was derived from the line width
with the formula of Hudson,* and the resultant plots of In
 vs. kT! were approximately linear for the different hyperfine
lines, giving values for the barrier height, B, of 30-45 cm™.

(38) Schomaker, V.; Trueblood, K. N. Acta Crystallogr., Sect. B 1968, B24,
63

(39) O’i!rien, M. C. M. Proc. R. Soc. London, Ser. A 1964, 281, 333.
(40) Ham, F. S. Phys. Rev. 1968, 166, 307.
(41) Hudson, A. Mol. Phys. 1966, 10, 575.
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The applicability of the exponential law 7 = 7, exp(B/kT)
has previously’ been taken as confirmation that the Orbach*?
process, involving the reorientation to a different well via a
vibronic excited state, is the most important in inducing the
transition. In this process, however, B is identified as the
energy between the ground state and this vibronic excited state
rather than being the actual barrier height.

The nature of the transition from the low-temperature an-
isotropic spectrum to a near isotropic one at higher temper-
ature has been discussed extensively by O’Brien* and by
Ham,?® and the appearance of an isotropic spectrum is con-
sistent with either the presence of excited singlet states which
become populated, as described above, or with a motional
averaging of the low-temperature spectrum by phonon-induced
reorientation of the distorted geometries, the latter being a
direct process for which 7 varies linearly with 7-'. The g
and A tensors describing the high-temperature spectra are
identical for both processes.

While the simultaneous appearance of the anisotropic and
isotropic spectra over a small temperature range,*’ together
with the temperature dependence of the line widths, may be
taken as support for the operation of an Orbach process, the
isotropic spectrum illustrated in Figure 7 does not have the
symmetrical form expected for an excited vibronic singlet state.
The transition temperatures and line widths differ slightly for
the different hyperfine lines, indicating a variation in 7 values,
while the magnitudes of the hyperfine splittings do not follow
the axial symmetry of the high-temperature g tensor, the best
resolved and narrowest spectrum being observed with H
parallel to [111]. These observations are, however, in accord
with the expression 7 << h/(AgBH + AAm;) which is the
condition for the production of a motionally averaged spec-
trum. With A4 negative, the high-field line m; = 3/, will be
the narrowest and have the largest 7 value, while for zero
Zeeman and hyperfine anisotropies (i.e., H parallel to [111])
the narrowest spectrum will be seen at a temperature which
should be somewhat lower than that for the occurrence of
motional averaging for any other orientation of the magnetic
field.

Finally, we note that the form of the observed spectrum and
the my; line width variation at 60 K is also quite similar to that
observed for Cu?*-doped MgO at temperatures above 4 K.*
For this system however, the low-temperature spectrum (1.2
K) is characteristic of a dynamic Jahn-Teller distortion re-
sulting from zero point motion in the ground state, rather than
being a superposition of three axial spectra.'® Our conclusion
therefore is that from the conventional EPR experiments alone
it is difficult to decide between alternative transition mecha-
nisms and Ham?% has shown that in fact strain and relaxation
together play a complicated role in determining the nature of
the transition.

4.2b. Pure Systems. As indicated in the Results section,
the g tensors for Cu(pyO)¢(BF,), below the transition tem-
perature and for the monoclinic modification of Cu(pyO)s-
(NOQ;), are in agreement with a tetragonally elongated ge-
ometry for the complex ions. The full extent of the g an-
isotropy is observed in the fluoborate salt, so that the complexes
are aligned with their principal axes (long Cu—O bonds)
parallel.

The three observed g values for the low-temperature phase
of the BF," salt can be attributed to the formation of domains
of triclinic symmetry related by the threefold axis of the
high-temperature unit cell** but between which there is no
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exchange. The EPR intensities suggest that the relative sizes
of these domains can vary between wide limits but that two
are equal in size, or nearly so. The neutron diffraction mea-
surements confirm the presence of domains and yield low-
temperature unit-cell dimensions that are consistent with one
(presumed) centrosymmetric molecule per triclinic cell. The
principal axes of the g tensors for the three sites are mutually
inclined at angles larger than 90° and are inclined to the
crystal threefold axis at angles larger than 54.74°. The relative
alignment of elongated CuQg octahedra for the three sites is
then essentially the same as in the doped systems. The pro-
posed structure for one domain, illustrating the ferrodistortive
ordering of the elongated octahedra, is given in Figures 8i and
9i. These figures also show the interactions possible between
the half-filled d,2_,z orbitals on neighboring complex ions that
would lead to a magnetic ordering at low temperatures con-
sistent with the observed layer antiferromagnetism.2

Although the structure of the monoclinic phase of the nitrate
salt has not been determined, we believe it to be very similar
to that of the near isomorphous Cu(CH;CsH,NO)?* complex,
having two tetragonally elongated molecules in space group
P2, /c.34 If this is the case, the close similarity in orientation
of the magnetically inequivalent ions (ferrodistortive ordering)
would lead to nearly equivalent crystal and molecular g tensors,
as is observed. The monoclinic cell can then be viewed as the
fusion of two rhombohedral cells displaced by half of a lattice
translation with respect to each other, and the ease of con-
version of this form to the trigonal form is then readily un-
derstood.

In contrast to the fluoborate salt, as described earlier crystals
of the unsolvated perchlorate salt and of the trigonal modi-
fication of the nitrate salt show reversed g tensors for the three
sites, or domains, with the unique value (assuming axial
symmetry) being closely comparable to g, (=(g, + g,)/2) for
the elongated geometry. Powder measurements at 4.2 K are
also in agreement with this conclusion.’> However, these
crystal g tensors are not equivalent to the molecular tensors,
and although the relation g, > g is that expected for a
compressed tetragonal geometry, the observed magnitude of
gj is considerably larger than the predicted (near) free-electron
value. The tensors are instead in accord with an antiferro-
distortive model for which the cooperative Jahn-Teller dis-
tortions give a structure having the long axes of the octahedra
of alternate molecules mutually orthogonal or nearly so. In
the presence of exchange, then, only one axis of the molecular
tensor is measured for this model; the other axes corresponding
to the average, (g, +£.) /2, of the molecular values. As for
the BF, salt the signals for the three noninteracting domains
vary in relative intensity, one being weaker than the other two.
The crystal tensors for the three domains have a small rhombic
component, presumably arising from the small rhombic com-
ponent in the molecular g tensor and the deviations from
orthogonality of tensor axes on neighboring molecules. Since
the angles of inclination of the axial axes of the tensors for
the three domains follow those for the g, components of the
sites in the doped crystals, we then conclude that the original
molecular tensor axes are approximately oriented along the
direction of the rhombohedral cell edges, as appears to be the
case for the BF,™ salt.

The proposed low-temperature structure for one domain,
illustrating the antiferrodistortive arrangement of elongated
octahedra in the ClO,~ and NO;™ salts, is depicted in Figures
8ii and 9ii. Referring to the high-temperature rhombohedral

(42) Orbach, R. Proc. R. Soc. London, Ser. A 1961, 264, 458.

(43) Borcherts, R. H.; Kanzaki, H.; Abe, H. Phys. Rev. B: Solid State 1970,
2, 23.

(44) Orton, J. W.; Auzins, P.; Griffiths, J. H. E.; Wertz, J. E. Proc. Phys.
Soc., London 1961, 78, 554.

(45) Loss of the threefold symmetry from R3 leads to the triclinic space
group P1. However Reinen and Krause®? discuss the low-temperature
structural nodifications in terms of pseudotetragonal unit cells, since
the high-temperature phase may be considered to be pseudocubic, rather
than using triclinic and trigonal symmetries.
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Figure 8. Proposed low-temperature structures of Cu(pyO)¢X,
complexes viewed along the [111]4 direction of the high-temperature
unit cell. Broken lines indicate the directions of antiferromagnetic
interaction; dotted lines indicate the elongation directions (z axes)
of the octahedra: (i) X = BF,, ferrodistortive ordering of aligned
octahedra leading to planar (two-dimensional) magnetic ordering
(crystal system triclinic); (ii) X = ClO,~ and NOy", antiferrodistortive
ordering (alternate layers) of octahedra leading to linear chain
(one-dimensional) magnetic ordering (crystal system triclinic); (iii)
X = ClO,~ (DMF grown crystals), antiferrodistortive ordering (spiral
chains) of octahedra leading to one-dimensional magnetism (crystal
space group P3;).
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Figure 9. Perspective views of proposed low-temperature structures
of Cu(pyO)eX, complexes derived from the high-temperature rhom-
bohedral structure and showing in (i) the arrangement for X = BF,",
all tetragonal axes aligned parallel to zg, in (ii) the arrangement for
X = ClO, and NOy", tetragonal axes aligned alternately parallel to
zg and to yg, and in (iii) the arrangement for X = ClO,” (DMF grown
crystals), tetragonal axes aligned alternately parallel to zg, yg, and
xg. Resulting 3, axes are indicated. Broken lines indicate the di-
rections of the antiferromagnetic interactions.

cell as a basis, this gives an arrangement of elongated oc-
tahedra such that alternate layers normal to the [111] di-
rection are identical in orientation. In this structure only
one-dimensional magnetic ordering, based on the half-filled
d,2_2 orbitals, would be possible, and de Jongh and co-work-
ersZlg do indeed find that the perchlorate salt behaves as a linear
antiferromagnet at very low temperatures, so that this struc-
tural model is in accord with both the specific heat and the
EPR results. As for the BF, salt, the low-temperature phase
should belong to the triclinic system with, in this instance, two
molecules per unit cell. Essentially similar conclusions re-
garding the structures of the low-temperature phases of the
unsolvated perchlorate and fluoborate salts were reached by
Reinen and Krause on the basis of their EPR results.*’
4.2¢. Solvated Complexes. Crystals of the fluoborate salt
grown from DMF give EPR behavior essentially the same as
that for the unsolvated crystals except that one domain pre-
dominates (Figure 4ii). We thus suggest that the same fer-
rodistortive model (Figures 8i and 9i) is relevant,

For the crystals of the perchlorate salt obtained from DMF
solution, however, the low-temperature crystal g tensor has
the same axial symmetry as the high-temperature tensor ob-
served for all the salts, with g, slightly larger than g, but both
being comparable to the average of g,, g,, and g, obtained for
the doped system. Taking account of the inclination of the
principal axis (g,) to the crystal threefold axis, the relation
g1 > g is thus expected and observed. A structural model,
which can be described as being antiferrodistortive and which
accounts for the axial symmetry of the crystal g tensor and
the observed linear antiferromagnetism,? is depicted in Figures
8iii and 9iii. Again referring to the parent rhombohedral cell,
this proposed structure has an arrangement of elongated oc-
tahedra such that their orientations in every third layer normal
to [111] are identical. Thus the directions of elongation for
each layer are successively along xz, yg, and zg, the crystal
space group for this proposed arrangement being trigonal P3,,
with three molecules per unit cell, which corresponds to the
removal of the 3 symmetry element from the room-temperature
structure. In this single domain model, the complex ions are
only interacting with two neighbors via the half-filled d,z_,»
orbitals, and one-dimensional antiferromagnetism would again
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be expected. Here, however, the pathways for the exchange
take the form of spiral chains connecting octahedra related
by a 3, axis and are orthogonal to one another rather than
being collinear.

4.3. Summary of EPR Results. The principal conclusion
to emerge from the variable-temperature EPR results described
here and the specific heat measurements of de Jongh? is that
both the nature of the anion and the solvent of crystallization
strongly influence the cooperative effects occurring below the
Jahn-Teller transition temperature in the undiluted Cu-
(pyO)¢** complexes and that the form of the copper complexes
in the doped crystals is also affected by the solvent. The
behavior we observe for the pure species parallels that found
for the Cu(NO,)¢* complex;!%!3-1% the change from the fer-
rodistortive to antiferrodistortive structure in this case being
attributed to the change from a “harder” to a more polarizable
cation. In the present examples, the anion influence apparently
arises from some geometrical feature, although the room-
temperature structures are very similar and on the basis of the
packing in the lattice (see Figure 1b) it appears the
“communication” via the anions, between neighboring cations
in adjacent layers of the trigonal cell (i.e., along the rhom-
bohedral edge) should not be significantly different from that
between complexes within the same layer. In the fluoborate
complex, however, there is a positional disorder of the anion
between two orientations, which does not occur for the other
two salts. While it is possible that this, together with the
differences in mass of the anions, may influence the coupling
between complexes in some subtle manner, there is presently
no structural evidence that the disorder prevails at lower
temperature, closer to the transition point.

The influence of DMF as solvent and the manner in which
it affects the coupling in the undiluted complexes is obscure.
The mass spectral measurements reveal comparatively little
DMEF to be present in the solvated crystals, so that the number
of substituted complexes produced would hardly seem sig-
nificant enough to influence the Jahn-Teller cooperative ef-
fects. In the case of both BF,~ and ClO, salts, essentially one
domain is formed below the transition temperature, rather than
three, with, for the perchlorate salt, accompanying major
changes in EPR behavior. Examination of molecular models
indicates that solvated complexes Cu(pyO),(DMF),** or
Cu(pyO)s(DMF)?* could be readily incorporated into the
parent structure with little perturbation to the latter, and from
our studies® on the doped systems we suggest that such
species are present in crystals grown from DMF.

4.4, Calculations of the Jahn-Teller Parameters and the g
and A Tensors. As described above, the Jahn-Teller radius
Rjp is calculated to be 0.4 A. The other parameters needed
to describe the warped “Mexican hat” potential energy surface
are the Jahn-Teller energy Ejr and the barrier height, B,
between equivalent minima. An experimental value for Eyr
of 1510 cm™ is obtained from the lowest energy band in the
optical spectra®® while a rough estimate for B of 30-45 cm™!
was obtained from line width measurements of the EPR
spectra for the doped systems.

In addition to derivation of the Jahn—Teller parameters from
experimental measurements, there have been several reports
of calculations of the parameters using both crystal field and
molecular orbital models. The former indicates that the
compressed geometry is the stable one,**® a result contrary

(46) This value for Ejr is derived from the lowest energy d-d transition
observed at 6050 cm™ in the single-crystal optical spectrum of Cu/
Zn(py0)s(ClOy), at 77 K and assigned to 2By, — 2A,, in Dy, symmetry.
This contrasts with the value of 7400 cm™ observed in the low-tem-
perature mull spectrum and assigned to this transition by Reinen and
Krause.® In I symmetry, there are in fact four dipole forbidden tran-
sitions expected, all being A, — %A, We arc indebted to Dr. Howard
Patterson for communicating this result to us.
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Table V. Calculated and Observed Jahn-Teller and EPR
Parameters for Cu(pyQ),**

parameter® caled obsd
Ry, A 0.28 0.40
EJT’ ClTl-l 2340 1510
B, cm™! 72 30~45
force const, 107%k,% dyn/em 1.21 0.46¢
Ve ,» cm™ 147 91¢
5,5 rad 0.28 0.25¢
tunnelling splitting, 3T, cm™* 0.036 0.020¢
cryst field splitting, A, cm™! 13 940 8 500
Ly 2.072 2.061
&y 2.074 2.088
P 2.295 2.406
1074, cm™? 48.1 359
10744, 47.4 35.9
10744, -95.5 -71.8°
4iso -35.9°

% For the definition of the Jahn-Teller parameters see ref 2a.
Y Calculated as 2Eyp/Ry. © Values derived from the experi-
mental values of Ryp, Ey, and B. @ Calculated as (2/
2w'MTyp?)'/* where M is the ligand mass and «' is the angular
frequency. See ref 16, p 130, and ref 39. € Sign from compari-
son with calculated values.

to experimental evidence for nearly all octahedral copper
complexes. Simple MO calculations, however, are more in
accord with the observed tetragonally elongated geometry *-5!
We have carried out MO calculations on Cu(pyQ)¢2*, by using
an extended Hiickel approach, and the principal results of
relevance are given in Table V. Details of the calculational
procedure used have been given previously.”> Calculations
were carried out for both tetragonally compressed and elon-
gated geometries (i.e., Dy geometries for the CuQyg unit) with
the displacements of the four equatorial ligands being minus
a half of those of the axial ligands. The overall symmetries
of the distorted structures are only C;(1) while for the un-
distorted structure, the point symmetry is S¢(3). For this
geometry, the Hiickel calculation yields the one-¢lectron d-
orbital sequence e,(t*) < a,(ty,°) < e4(e,) (octahedral par-
entage for a trigonal orientation 1n parentheses) agreeing with
that deduced from an angular overlap approach®® and with
the magnetic properties of various M(pyO)s>* species.’*™?

Ground-state minima occur for axial displacements of £0.16
A, and these have total electronic energies (defined as E.(Q)
= 3" m(Q) where n; is the accupation number of the jth MO
and ¢; its energy) of 0.28 and 0.27 eV for the elongated and
compressed geometries, respectively, below that of the octa-
hedron. The small difference of almost 0.01 eV (72 ecm™)
between the two geometries represents the barrier separating
the minima associated with the elongated structures at 0, 2=/3,
and 4w/3 in the “Mexican hat” potential, and the energy 0.28
eV (or 2340 cm™) is the Jahn~Teller energy for this geometry.

While the computed values of Ejr and B represent only a
very small fraction of the total electronic energy, they do
approximate the values derived from experiment reasonably
well and B has the correct sign.

(47) Ballhausen, C. J,; Liehr, A. D. Ann. Phys. (N.Y.) 1958, 3, 304,

(48) Fackler, J. P., Jr.; Avdeef, A. Inorg. Chem. 1974, 13, 1864.

(49) Ballhausen, C. J.; Johansen, H, Mol. Phys. 1966, 10, 183.

(50) Lohr, L. L., Jr. Inorg. Chem. 1967, 6, 1890.

(51) Yamatera, H. Acta Chem. Scand., Ser. A 1979, 433, 107,

(52) Keijzers, C. P.; deVries, H. J. M.; van der Avoird, A. Inorg. Chem.
1972, 11, 1338. Keijzers, C. P.; de Boer, E. Mol, Phys. 1975, 29, 1007.

(53) Wood, J. S.; Bergendahl, T. J. “Abstracts of Papers”, 168th National
Meeting of the American Chemical Society, Atlantic City, N.J., Sept
1974; American Chemical Society: Washington, D.C., 1976. Mackay,
D. J.; Evans, S. V.; McMeeking, R. F. J. Chem. Soc., Dalton Trans.
1978, 160.

(54) Carlin, R. L.; O’Connor, C. J; Bhatia, S. N. J. Am. Chem. Soc. 1976,
98, 685.

(55) Carlin, R. L.; O’Connor, C. J; Bhatia, S. N. J. Am. Chem. Soc. 1976,
98, 3523.



Inorg. Chem. 1980, 19, 2225-2229 2225

From the values of the force constant for the Jahn-Teller
active vibrations, we compute vibrational energies of 147
(calculated) and 91 (observed) cm™ and zero-point amplitudes
of 0.34 and 0.44 A, respectively, the latter values indicating
that the Jahn—Teller distortion in Cu{pyO)¢** is essentially
static in the radial coordinate. However, we find reasonably
large zero-point motion in the coordinate §, assuming that the
angular potential can also be treated with a simple harmonic
approximation. A value of 16° is obtained for the root-
mean-square angular displacement from the set of parameters
EJT’ RJTa and B.

For appreciable zero-point motion O’Brien® has shown that
the threefold degeneracy of the ground-state minima is re-
moved and the g tensor behavior for the three sites modified.
For the Jahn—Teller parameters derived from the Hiickel
calculation we find that the overlap between the ground-state
angular functions in neighboring wells is relatively small and
that it yields a value of 0.036 cm™ for the separation of the
ground-state doublet and the first excited singlet (3T"), as-
suming the calculated barrier height of 72 cm™. This splitting
is comparable to the g anisotropy (g — g,)8H of 0.038 cm™
for X-band frequency. For localizeci or static sites to be ob-
served at low temperatures, Ag8H should, however, be greater
than 3T. A comparable value for 3T is obtained from the
experimental values of the Jahn-Teller parameters.

Although a barrier height.in the region of 50 cm™ is just
consistent with the formation of an anisotropic three-site
spectrum at low temperatures, this value is a lower limit. As
suggested earlier, random strain is then almost certainly a
significant factor in producing the statically distorted sites in
this system. The barrier tunneling rate in the lowest vibrational
state, calculated according to the formula given by Sturge,¢
supports this picture, for the approximate value of 1.25 X 10!

s”lis in fact appreciably larger than the frequency differences
between the three sites.

The g and hyperfine tensors were calculated according to
the formulas given previously.> The elements of the copper
atom anisotropic hyperfine tensor were calculated in first order,
and contributions from ligand atoms were neglected. The g
and A values given in Table V are those for the elongated
minimum. The calculated orientations of both the g and A

tensors were found to deviate very little from the molecular

axes—taken to be coincident with the M-O bond
directions—despite the fact that the complex cation has only
1 symmetry. This is in contrast with the experimental results
which, especially for the A tensor, show significant deviations
from the tetragonal axes.
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- An STO-3G basis set has been proposed for the main-group elements of the third row. Equilibrium geometries calculated
by using this minimal reptresentation are generally in close accord with available experimental data. The related smaller
STO-2G basis set does not perform equally well in the task of structure calculation.

Introduction

The STO-3G minimal basis set? has been widely employed
for ab initio molecular orbital calculations on polyatomic
molecules containing first- and second-row elements. It has
met with considerable success in several areas of application,
perhaps most dramatjcally with regard to the calculation of
molecular equilibrium geometries. Because of its small size
and relatively efficient construction, complete structure op-
timizations on molecules of moderate size (10~15 atoms) have
now become routine. Literally hundreds of theoretical STO-
3G equilibrium geometries have appeared in the literature,’

(1) (a) University of California. (b) Carnegie-MeHon University.

(2) (a) W. J. Hehre, R. F. Stewart, and J. A, Pople, J. Chem. Phys., 81,
2657 (1969); (b) W. J. Hehre, R. Ditchfield, R. F. Stewart, and J. A.
Pople, ibid., 52, 2769 (1970).

and the dozens of critical comparisons which have been made
with experimentally determined structures indicate an overall
high level of performance of the theoretical method.

In this paper we extend the STO-3G basis set to the
main-group elements of the third row. Later papers in this
series will consider applications to first-row transition metals.
We have selected the main-group elements over the metals as
a starting point for two principal reasons. For one, there exist
a fair amount of gas-phase structural data on molecules
containing third-row main-group elements; very little gas-phase
data is available for metallic systems. A far more complete
assessment of the performance of STO-3G in the former area

(3) Compilations include: (a) W. A. Lathan, L. A, Curtiss, W. J. Hehre,
J. B. Lisle, and J. A. Pople, Prog. Phys. Org. Chem., 11, 175 (1974);
(b) J. A. Pople, Mod. Theor. Chem., 4, 1 (1977).
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