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The Single-crystal Electronic and Electron Spin Resonance Spectra of
Copper(n) Doped Bis(2,2'-bipyridyl)nitritozinc(it) Nitrate and Bis(2,2'-
bipyridyl)nitritocopper(n) Tetrafluoroborate: A Fluxional CuN,N’,0,
Chromophore

By William Fitzgerald, Brigid Murphy, Suresh Tyagi, Bernadette Walsh, Andrew Walsh, and Brian
Hathaway,” The Chemistry Department, University College, Cork, Ireland

The single-crystal e.s.r. spectra and polarised electronic spectra of the copper(ll) doped [Zn(bipy),(ONO)][NO,]
system are shown to be closely comparable to those previously reported for [Cu(bipy),(ONO)]J[NO;]. The ob-
servation of more than four copper hyperfine lines in the single-crystal e.s.r. spectrum measured in the approximate
be plane is consistent with a two-dimensional misalignment of the CuN,N’,0, chromophore and the temperature
variability of the g and A factors are consistent with a two-dimensional fluxional model of the CuN,N’,0, chromo-
phore with a distorted square-pyramidal 4 + 1 + 1°® structure and not with static disorder. This suggests that the
structures of [Cu(bipy),(ONO)][NO;] and [Cu(bipy),(ONO)][BF,] are not genuine static stereochemistries of
the copper(ll) ion, but arise as a consequence of the fluxional model and are best referred to as pseudo cis dis-
torted-octahedral structures. The electronic properties of 0.1—100% copper(ll) doped [Zn(bipy),(ONO)]}[NO,]
are shown to be independent of the copper(ll) concentration, and this suggests that the structure, of the doped
CuN,N’,0, chromophore is independent of the structure of the ZnN,N’,0, chromophore of the zinc host lattice, but
correlates with the known structure of the [Cu(bipy),(ONO)][NO,] complex, an example of the Non-co-operative
Jahn-Teller Effect. The electronic reflectance spectrum of [Cu(bipy),(ONO)][BF,] is closely comparable to that
of the nitrate, despite having a significantly different, (4 + 1 + 1*) type, fluxional CuN,O, chromophore structure.

THE cis-distorted octahedral CuN,O, chromophore! of
[Cu(bipy),(ONO)J[NOg]  (bipy = 2,2’-bipyridyl) (1)
(Figure 1) was for ten years the only example known for
this stereochemistry of the copper(11) ion. The recent
crystal structure determination 2 of [Cu(bipy),(ONO)]-
[BF,] (2) has produced a second example of this struc-
ture, but one involving a more asymmetrically bonded
ONO~ anion. In order to understand the different
structures observed in these two cation distortion iso-
mers 3 the electronic properties of (2) are reported along
with the single-crystal electronic properties of the
[Cu(bipy),(ONO)]* cation doped in [Zn(bipy),(ONO)]-
[NO4} (3) as a diamagnetic host lattice,? over the con-
centration range 0.1—1009,.

EXPERIMENTAL

Preparation.—The copper(11) doped crystals of (3) were
prepared as previously reported ! for (1), using the appro-
priate stoicheiometric amounts of Cu[NO,],*3H,0 and
Zn[NO,4],*6H,0; large crystals were obtained if methanol,
rather than ethanol, was used as a solvent. In the copper
doped complex (3) the Cu:Zn ratio was determined by
atomic absorption analysis; complex (2) was prepared as
previously reported.?

Electronic Properties.—These were recorded as previously
described.#5 Figure 2 reports the electronic reflectance
spectra of 1—1009, copper(ir) doped [Zn(bipy),(ONO)]-
[NO,;] and Figure 3, the corresponding polarised single-
crystal spectra.® Figure 4(a) shows the polycrystalline
e.s.r. spectra of 0.1—1009, copper doped complex (3),
Figure 4(b), the effect of temperature on the polycrystalline
e.s.r. spectrum of 0.19 copper doped (3), Figure 4(¢c) and
(d), the polycrystalline e.s.r. spectra of (1) and (2), respec-
tively, at room and liquid-nitrogen temperature, and Figure
4(e) shows the nitrogen hyperfine on the single-crystal e.s.r.
spectrum of 0.19 copper doped (3) at liquid-nitrogen
temperature. Figure 5(a) shows the crystal morphology 2
of the 0.19, copper doped (3) system and Figure 5(b)—(d)

shows the single-crystal e.s.r. rotation spectra measured in
the ac plane, the b axis/g, , plane, and the Zn, N(2), N(4),
O(1), O(2) plane (liquid-nitrogen and room temperatures)
respectively. Table 1 lists the electronic reflectance spectra
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FiGure 1 The local molecular structures of (a) [Cu(bipy),-
(ONO)J[NOy] (1), (b) [Cu(bipy)(ONO)][BF,] (2), and (c)
[Zn(bipy),(ONO)][NO,] (3)

of some [Cu(bipy),(OXO0)]Y complexes, Table 2 lists the
single-crystal e.s.r. data for (1) and copper doped (3) at
room temperature and at liquid-nitrogen temperature, and
Table 3 lists the unit-cell data 2 for (1) and (3).

RESULTS

Electronic Spectra.—The electronic reflectance spectra of
(1), (2), and of copper(11) doped (3) consist 3 of two broad
peaks of comparable intensity (Figure 2) at 9 500 and
14 600—15 000 cm™. The spectra show only a small
variation with the anion present (Table 1), and a negligible
variation ¢ with the copper(11) concentration for 0.1—1009,
copper doped complex (3). This comparability of the
electronic spectra is also present in the polarised single-
crystal electronic spectra ® of 1-——1009%, copper(11) doped (3)
and suggests that the underlying stereochemistry of the
CuN,O, chromophore in (1) does not differ significantly ¢
from that in copper doped (3), even down to 0.1% Cu.

E.S.R. Spectra.—The polycrystalline e.s.r. spectrum of (1)
is approximately axial [Figure 4(c)], while that of (2) [Figure
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4(d)] is nearly isotropic with some evidence for exchange,*
results that are surprising in view of the near alignment of
both of the CuN,O, chromophores in (1) and (2), if the local
molecular axes ? of the ¢¢s distorted-octahedral structure of
Figure 1(a) are appropriate, with the x axis approximately

TABLE 1

The electronic reflectance spectra of some
[Cu(bipy),(OXO0)]Y complexes (4200 cm™)

Spectra
Y E, E, Ref.

(a)
NO, Complex (1) 14 600 9 500 3
BF, Complex (2) 15 000 9 500 this work
ClO, 15 200 9 800 this work
NO, 14 900 9200 this work

mean 14 900 9 500

(®)
[Cu(bipy),(0,CMe)][BF,] 15 150 10 860 19
[Cu(bipy),(0,CMe)][CIO,)' H,O 13 880 9 990 19
[Cu(bipy}),(O,CH)][BF,] 14 360 10 200 20

(¢) Tentative assignment of the electronic reflectance spectra of
the [Cu(bipy),(OXO}]Y complexes (square pyramidal 4 - 1
+ 1%)

E1 Ay —m dp2 ¥?
Eg d,a, dz,, d,,z —_— d;z o}

parallel to the crystallographic b axis (dihedral angle 3.3°).
The e.s.r. spectra of copper doped (3) shows clear evidence
for copper hyperfine 7 structure at low copper(i1) concen-
trations, which is lost above 209, Cu, Figure 4(a). If the
single-crystal g and A factors of copper doped (3) are
measured in the directions used 2 for (1), namely, parallel to
the #, ¥, and #z axes of the cis distorted-octahedral structure

14:6 95

reflectance spectra of 1—1009,

FIGURE 2 The electronic
) and [Cu(bipy)s-

copper doped [Zn(bipy),(ONO)][NO;] (
(ONO)][BE,] (~—~-)

of Figure 1(a), the g and 4 values are essentially indepen-
dent of the copper concentration, Table 2(a). The g, factor
lies parallel to the N(1)-Zn—N(3) direction, and the g,
factor lies parallel to the Zn—N(5) direction, approximately
parallel 2 to the unique b axis (3.3°), Figure 6(z). When the
g values are measured in these directions, g, parallel to the
b axis and g, and g; in the ac plane in copper doped (3), the
e.s.r. spectra involve only four copper hyperfine lines,
consistent with the monoclinic crystal system, Figure 5(b)

J.C.S. Dalton

and (¢). At liquid-nitrogen temperature only the g,-
factor shows any evidence of nitrogen hyperfine [Figure
4(e)]; all three g factors are virtually independent of temper-
ature [Table 2(¢)] but the copper hyperfine values, 4, and
A,, do show a significant increase on decreasing the temper-
ature. In these same directions the single-crystal g factors
of (1), Table 2(d), are almost temperature independent.
Despite the above, the single-crystal e.s.r. spectra of 1.0%,
copper doped (3) measured in the Zn,N(2),N(4),0(1),0(2)
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Ficure 3 The polarised single-crystal electronic spectra of 0.1—
1009, copper doped [Zn(bipy),(ONO)][NO,]: (a) y-polarisation,
(b) x-polarisation, (c) z-polarisation, and (d) [Cu(bipy),(ONO)]-
[NO,]

plane, from the b axis to the ac plane shows clear evidence
of two misaligned magnetic axes [Figure 5(d)], with the
maximum g value measured at 440° to the b axis [Table
2(e)], which corresponds to the N(2)-Zn—-O(1) and N(4)—
Zn—0O(2) directions of the ZnN,N’,0, chromophore, Figure
6(a). This misalignment is restricted to the Zn/N(4),-
N(2),0(1),0(2) plane. At liquid-nitrogen temperature the
highest g and A4 factors increase significantly and the inter-
mediate g and A factors decrease relative to the room-
temperature data, Table 2(¢). Measurement of the single-
crystal e.s.r. spectrum of (1) at the temperature of liquid
nitrogen in the Cu,N(2),N(4),0(1),0(2) plane produced a
single isotropic spectrum with no evidence for misaligned
sites of Figure 5(d). The single-crystal e.s.r. spectrum of
(2) yielded three crystal g factors, 2.020, 2.136, and 2.203,
which correspond in magnitude and direction to the local
molecular g factors 4 of (1), except that the intermediate g
factor is lower.
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FIGURE 4 (a) The polycrystalline e.s.r. spectra of 0.1—1009%, copper doped [Zn(bipy),(ONO)][NO,] at room temperature (r.t.);
(b) the polycrystalline e.s.r. of 0.19, copper doped [Zn(bipy),(ONO)][NO,] at r.t. (——) and at liquid-nitrogen temperature
(Lt.) (=—=-); (c) the polycrystalline e.s.r. spectra of [Cu(bipy)s(ONO)][NO,] at r.t. (——) and at L.t. (-——--); (d) the poly-
crystalline e.s.r. spectra of [Cu(bipy),(ONO)](BF,] at r.t.(——) and at 1.t. (-——-); (¢) the single-crystal e.s.r. spectra (g;) of 0.19%,
copper doped [Zn(bipy),(ONO)][NO,] at 1.t. dpph = Diphenylpicrylhydrazyl


http://dx.doi.org/10.1039/DT9810002271

2274

FiGure 5

(a) a
93
7 Q
b c
gz \»91

L,

b
9 \ //’»c91

end - face
m
gi¢ 9,
83
a
side -face

2-35+ (c) b axis

210

2-:05

360 340 320 300 280 260 240 220 200

0 340 320 300 280 260 240 220 200

(d) (i )Room temperature
2:306 2‘2 . 2184
. 21 .
1095 1201 993

2178
866 1

L a

240
2:35

2:30

205} t

36
2:200 (ii) Liquid nitrogen
L 12 ‘%Z_g temperature

2182
1120

1

360 340 320 300 280

Copper doped [Zn(bipy),(ONO)][NO4]1; [(a) 0.9%(b)—(d) 1.0%:

360 340 320 300 280

(c) gmin. to b axis e.s.r. spectra, (d) gmax. to b axis e.s.r. spectra, (i) at r.t. and (ii) at L.t.

J.C.S. Dalton

(a) crystal morphology, (b) b axis e.s.r. spectra,
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DISCUSSION

Fluxional Model of the CulN,N',0, Chromophore.—The
crystallographic and electronic properties of the cis
distorted-octahedral CuN,N’,0, chromophore in (1), (2),
and copper(11) doped (3) are best rationalised in terms of
a fluxional model of the CuN,N’,0, chromophore stereo-
chemistry as originally proposed 8 for the copper doped
K,[Zn(OH,)4)[SO,], system and more recently extended
to a number of other copper doped systems.®16 All of
these systems occur in crystals of lower than cubic
symmetry and involve six-co-ordinate CulLg chromo-
phores with non-equivalent ligands, which are subject
to the pseudo-dynamic Jahn-Teller Effect.’? Under the
effect of the low crystal symmetry the observed CulLg
chromophore stereochemistry at a given temperature is
determined by the relative thermal populations of the
three available potential energy Wells, each correspond-
ing to an elongated rhombic octahedral stereochemistry
misaligned in three mutually perpendicular directions
related by the three-fold axis of the parent octahedron,
Figure 7(a). In the [Cu(bipy)y(ONO)]* cation, the
potentially energy Wells I, 11, and III involve elongation
along the N(4)-Cu-0(2), N(2)-Cu-O(1), and N(1)-Cu-
N(3) directions respectively, with the latter clearly of
higher energy due to the restriction caused by the bite
of the bipy ligands. The CuN,N’,0, structures of
Wells I and II are equivalent due to the C, axis of sym-
metry of the regular cis distorted-octahedral structure,
and represent the two alternative senses of distortion of
the latter towards the distorted square-pyramidal
(4 4+ 1 4 1*) type structure,® as recently reported
for_[Cu(bipy)y(0,CMe)J[CIO 1,0, [Cu(bipy),(O,CMe))-
[BF,],'* and [Cu(bipy),(O,CH)][BF,] (4).2 When only
the lowest potential-energy Well I is occupied, a distorted
square-pyramidal (4 4 1 + 1%*) structure is observed as
in (4) (see later), which is temperature independent. If
the next lowest potential-energy Well 11 is low enough in
energy (AE < ET) and the potential-energy barrier B
[Figure 7(a)] is also less than thermal energy (kT = 200
cm™), then partial thermal population of Well IT will
occur, with the thermal population Well I > Well II,
and the observed structure will be a mean of the distorted
square-pyramidal (4 + 1 + 1*) structures I and II,
weighted according to their thermal population. In
addition, the observed stereochemistry (and the associ-
ated e.s.r. spectra) will be temperature variable81¢ a
result that has been confirmed by the recent low-
temperature crystal structure of [NH,],[Cu(OH,)e]-
(SO, in which the elongated rhombic-octahedral
stereochemistry of the room-temperature structure shows
a marked increase in the elongation at ca. 150 K.

In (1) the near symmetrical cis distorted-octahedral
structure requires near degenerate potential-energy
Wells I and II with AE less than 200 cm™, so that the
values AN = [Cu-N(4)] — [Cu-N(2)],0.035 A, and AO =
[Cu-O(2)] — [Cu~O(1)], 0.111 A, are both very small!
and the thermal population of Well III is zero. In (2)
the same potential-energy system applies, but the energy
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difference between Wells I and II is greater and the
thermal population in Well I » Well II, with con-
sequent larger values 2 of AN and AO of 0.090 and 0.345
A respectively. These AN and AO values of (1) and (2)
respectively compare with the larger values observed in
(4) of 0.154 and 0.671 A respectively, which suggests
that the population of Well II is very small and that the
structure of (4) corresponds to an essentially static
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Ficure 6 Crystallographic projections down the N(1)-N(3)
direction of (a) [Cu(bipy),(ONO)][NOg], and (b) [Cu(bipy),-
(ONO)][BF,]

7
b axis

distorted square-pyramidal (4 + 1 + 1*) structure, com-
pared with the near equal population of Wells I and II
in (1).

This two-dimensional fluxional model of (1) and (2)
receives some support from the observation of relatively
high and anisotropic thermal parameters associated with
the O(1) and O(2) atoms 1.2.21 of (1) and (2).

E.S.R. Spectra—The fluxional model predicts that the
e.s.r. spectra would be temperature variable81% an
effect that would be restricted to the Cu,N(2),N(4),-
0(1),0(2) plane and would be at a maximum when
measured along the N(2)-Cu-O(1) and N(4)-Cu-0(2)
directions, the X’ and Y’ axes of Figure 6(a). As the
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X' and Y’ axes are then misaligned with respect to the
b axis by ca. 40° in (1), this will produce a two-dimen-
sional exchange coupling 41! in the e.s.r. spectrum, and
explains the observation of the exchange type poly-
crystalline e.s.r. spectrum for (1) [Figure 4(c)] which
only yields crystal g values measured in the X and Y
directions of Figure 6(a). The relative insensitivity of
the polycrystalline e.s.r. spectrum to decreasing temper-
ature is then understandable, as g, is predicted 8 to be
virtually temperature invariant, g, will decrease and
gsincrease with decreasing temperature; as the measured
g values are a mean of g, and g,, they would not be very
temperature dependent, as is observed.

As (1) and (3) are as near isomorphous as a copper(11)
and zinc(11) complex can be,b? considering the 4% and

TABLE 2

Electron spin resonance data ; Cu hyperfine (x 104 cm™)

(a) The g and 4 values fqr 0.1—1'00% copper doped [Zn(bipy),-
(ONO)]J[NO;] as measured in the directions used for (1)

% Cu g. f: &y A, * A, A,
0.1 2.024 2.159 2.192 ca.30 93.2 106.1
1.0 2.025 2.165 2.197 ca. 30 91.7 105.7
10.0 2.027 2.168 2.200 91.7 106.4

40.0 2.028 2.166 2.197

100.0 2.025 2.165 2.196

(b) Angular directions (°) of the g factors and zinc-nitrogen
directions in 1.09% copper doped [Zn(bipy),(ONO)][NQO,] with
respect to the directions /, m, and » of Figure 5(a), as measured
in the directions used for (1) @

g1 (2.025) 25 (2.165) g5 (2.196)
69.6 42.7 54.4
m 76.7 132.0 45.0
n 24.7 96.4 113.7
N(I)-Zn~-N(3)  Zn-N(2) Zn-N(4)
l 70.0 5.0 85.0
m 70.0 78.0 170.0
n 20.0 95.0 85.0

(c) Single crystal g, Ac¢,, and Ax values at room and liquid-
nitrogen temperature for 1.0%, copper doped [Zn(blpy 2(ONO)]-
[NO;], measured in the directions used for (1) ¢

Number
of

Temp. Acy(average) Ax(average) peaks

r.t. &, 2.024 30

1t. g 2.024 16.7 14

r.t. 8s 2.168 91.6

1t s 2.169 103.6 6.3 5—6

r.t. g3 2.196 104.9

Lt. £ 2.192 112.0 7.2 5

(@) The single-crystal e.s.r. spectra of [Cu(bipy),(ONO)][NO,]
measured at room temperature and at liquid-nitrogen temper-
ature, as measured in the directions used for (1) @

&1 82 4] R
r.t. 2.019 2.174 2.205 4.39
1.t. 2.029 2.175 2.200 5.44

(e} The g and 4 values for the 1.09, copper doped [Zn(bipy),-
(ONO)][NO;] measured along the approximate N(4)—Cu—O(2)
directions, 4-40° to the b axis, from Figure 5(d)

&3 A, &2 A, &1 4, R
r.t. 2.216 120.1 2.178 86.6 2.025 ca. 30 4.206
Lt. 2.226 140.9 2.160 76.4 2.024 2.061

* Only approximate, as linewidth was broader than hyper-
fine splitting.
@ See ref. 3.

= (82— 81) {8z — &)

J.C.S. Dalton

d'° electron configuration of these two ions respectively,
the e.s.r. spectrum of the copper(11) doped complex (3)
should also yield evidence [Figure 4(b)—(d)] for the
fluxional model. In the 0.1 or 1.09, copper(11) doped (3)
system, the full rotational single-crystal spectra yielded
only four copper hyperfine lines in all directions in the
ac plane [Figure 5(b)] and in the ab plane [Figure 5(c)],
consistent with a single magnetic site aligned parallel to
the & axis. But in the Zn,N(2),N(4),0(1),0(2) plane
(parallel to the b axis and at 10° to the ¢ axis), there is
clear separation into more than four lines indicating the
presence of two misaligned magnetic sites orientated at
40° to the b axis, Iligure 5(d). This confirms that the
local molecular axes of the CuN,N’,0, doped complex (3)
system correspond with the z axis of Figure 1(a) and the
X" and Y’ axes of Figure 6(a), with the X'Y”’ axes mis-
aligned with respect to the b axis. Consequently, the
local molecular g and A factors correspond with the z,
¥’,and »" axes of Iigure 1(a), and the data are summarised
in Table 2(¢). Iigure 5(d) shows a significant temper-
ature effect, and yields the characteristic data consistent
with a two-dimensional fluxional CuN,N’,0, chromo-
phore 816 with g, and 4 increasing, g, and 4, decreasing,
and g; and A4, remaining temperature invariant, with
decreasing temperature. Results that contrast with the
temperature invariance of the g factors when measured
along the & axis, and in the ac plane for both the con-
centrated 3 [Table 2(d)] and the dilute system, Table
2(c).

The room-temperature g values of 1.0%, copper doped
(3) have an R value %16 [(g, — g,)/(gs — go)] of 4.026
consistent with an approximate d,. ground state, but
as these local motlecular g values correspond to a fluxional
copper stereochemistry, they only relate to the average
cts distorted-octahedral structure. The R value de-
creases to 2.061 at the temperature of liquid nitrogen,
consistent with a more elongated tetragonal-octahedral
stereochemistry, but still consistent with an approxi-
mate d,: ground state 416

Despite the clear temperature effect on the e.s.r. of
0.1—1.09%, copper doped (3) [Figure 4(b) and 5(d)], the
effect on (1) is hardly significant, Figure 4(c), and Table
2(d), and the single-crystal rotation spectra of (1)
measured in the Cu,N(2),N(4),0(1),0(2) plane showed
no evidence for splitting into two bands in any direction.
Thus (1) displays no evidence for the fluxional model in
the low-temperature e.s.r. spectrum.

The single-crystal e.s.r. spectrum of (2) yielded three
crystal g factors, 2.020, 2.136, and 2.203, and although
these correspond in magnitude to the local molecular g
factors 4 of (1), except that the highest and intermediate
values are lower, they are not necessarily local molecular
g factors, as misalignment of the local molecular axes 2
of (2) is present [IFigure 6()] and a fluxional description
of the local molecular geometry is relevant, as suggested
by comparison of the structure of (1) and (2). Due to
this uncertainty no significant use of the single-crystal
g values of (2) can be made, especially as the correspond-
ing [Zn(bipy),(ONO)]{BF,] complex proved not to be
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isomorphous with (2) and unsuitable for use as a dia-
magnetic host lattice.

Electronic Spectra.—In view of the different geometries
of (1) and (2) [Figure 1(a) and ()], it is surprising that
the electronic spectra of (1) and (2) (Figure 2) are so
closely comparable (9 500, 14 600 and 9 500, 15000
cm™ respectively), a similarity that has also been noted

earlier in [Cu(bipy)y(O,CMe)](BF,] (5),'® and ([Cu-
(@} e
’//O>
\\O

AE)

1 1 1
FiGURE 7 [Cu(bipy),(ONO)]Y:

(bipy)s(0,CMe)}[CIO,] (6),!® and also with [Cu(bipy),-
(O,CH)][BF,] (4),° Table 1(6). As all five complexes
have pseudo cis distorted-octahedral structures, with in-
creasing distortions towards square pyramidal, a measure
of this distortion is the increasing asymmetry in bonding
of the OXO~ anion [where OXO~ is ONO™ in (1) and
(2), CH4CO,~ in (5) and (6), and HCO,™ in (4)] which is
measured by the difference in the AN and AO values, see
earlier. If the electronic energies (E, and E,) are plotted

TABLE 3
Unit-cell data for [Zn(bipy),(ONO)][NO4] (3)
and [Cu(bipy),(ONO)](NO4] (1) *

Complex (3) Complex (1)

alA 11.27(5) 11.101
bjA 11.93(5) 12.058
c/A 15.49(5) 15.383
B/° 101.2(2) 99.17

* Both space group P2, /n.

against AO [Figure 9], there is only a slight change in
both energies with increasing AO, E; increases slightly
(ca. 400 cm™) and E, decreases slightly (ca. 200 cm™).
The lack of change in E with AO is consistent with the
above fluxional model for (1) and (2). This indepen-
dence of E; and E, of AO is consistent with a two-
dimensional fluxional model, as the electronic transitions
(10715 s) represent the local molecular structure in the
extreme static distorted square-pyramidal (4 4 1 4 1%)
structures of Wells I and II, which involve the same
local CuN,N’,0, chromophore structure, but with thelocal
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elongation axes misaligned by 90°. Consequently, the
electronic spectra are independent of the relative thermal
population of the Wells I and II, but only sensitive to the
precise geometry of the static CuN,N’,0, chromophore
in a given lattice. In these cation distortion isomers of
(1) and (2), the small differences in the observed E, and
E, energies arise from small differences in the lattice
packing factors, which are much less effective in influenc-
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(a) static disorder model, (b) fluxional disorder model

ing the geometry of these six-co-ordinate chromophores,
than they are in influencing the five-co-ordinate geo-
metry of the {Cu(bipy),Cl]* cation in its cation distortion
isomers.2?

If the two-dimensional fluxional model of (1) involving
almost equal thermal population of Wells I and II is
correct, it is then surprising that the polarised single-
crystal electronic spectra of (1) show such marked
polarisation, Figure 3(d). As the model involves 4-40°
misalignment of the x” and y" directions of Figure 1(a),
there is a surprising difference between the x- and y-
polarised spectrum. Equally surprising is that the z-
polarised spectrum, which is still a unique direction in
the fluxional model, is closely comparable to the x-
polarised spectrum, and only differs in its relative
intensity. Nevertheless, as the polarised single-crystal
spectra of (1) were assigned with respect to the x, v, and
z axes of Figure 1(a), this assignment is clearly no longer
valid in view of the 4-40° misalignment present, plus a
local molecular CuN,N’,0, structure that is so fluxional
that Wells I and II are almost equally populated. The
comparable polarisation of the 0.1—1009%, copper(i1)
doped (3) system [Figure 3(a)—(d)] is then also under-
standable as the spectra were all measured with respect
to the x, ¥, and z axes, and not to the «’, ¥, and z axes,
but for the reasons given above, cannot be used to
establish even a tentative one-electron orbital sequence.
Nevertheless, the distorted square-pyramidal (4 +
1 + 1*) structure of {2) is comparable to structures of
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[Cu(dien),(O,CH)][HCO,], and suggests a comparable
assignment 22 of the one-electron orbital sequence,
namely dz: — 2 > do» > dyy > d,. % dy,, Table 1(c).

The Nature of the cis Distorted-octahedral Structure.—
The structures of the CuN,O, chromophores of (1) and
(2) [Figure 1(a) and (b)] both involve a pseudo cis
distorted-octahedral arrangement of the ligands; while
(1) has an almost symmetrical C, symmetry,! that of (2)
has a clear distortion towards a (4 + 1 4 1*) type

N(1)

J.C.S. Dalton

dynamic Jahn-Teller Effect? generating a two-
dimensional fluxional model 818 involving a static
distorted square-pyramidal (4 4 1 4 1%) structure, with
nearly equal thermal population of two lowest potential
Wells I and II, which are thermally related. Con-
sequently, the structures of (1) and, to a lesser extent,
(2) are not genuine static stereochemistries of the
copper(11) ion, but arise as a consequence of the two-
dimensional fluxional model (pseudo-dynamic Jahn-
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N(2) 2:20 .
AN 100° 0(2) .
R :
u :
N N(T) y K\N(ﬂ
2-00 108" ~~_o() 20 _ ’ ) 2.0
NG |20 square (P N@), o (104°=ay 0{2) w gie L%
(3) . _-"22 ~725
(Emr?'g) X 0g=100° Cul52%,, N PLLIN 140° cu 52° - \
104° = ~d1) 840~
N(1) 241 Ny 20 ~0(1)
Lo N 'lz»o 2 N{4) 2:0
20 (E) \\/ (3) \/N(g)
N g [0 277 0)
-7 | cis Distorted - octahedral Bicapped square pyramidal
100% Cu52° N
220,7 20
/, 100 06)
N(4) 20 Square
\/N(:’) pyramid
(44141 %)

Ficure 8 The structural pathways for the CuN,N’,00’ chromophore of the [Cu(chelate),(ONO)]* cation for distortion from regular
cis distorted-octahedral to distorted square pyramidal (route E and F) and to bicapped square pyramidal (route D)

structure,’® with the elongation along the N(4)-Cu-
O(2) direction.? Thus (1) and (2) represent clear cation
distortion isomers 2% of the [Cu(bipy),(ONO)]* cation,
which represent two separate points on the structural
pathway® connecting the higher energy cis distorted-
octahedral structure to the square-pyramidal distorted
(4 + 1 4+ 1*) structure (Figure 8; see ref. 2 for dis-
cussion). While the structure of (1) is more closely
related to the regular ¢ss distorted-octahedral structure,
that of (2) corresponds to an intermediate form of the
square-pyramidal (4 4+ 1 4 1*) structure. As there are
two possible routes to the latter type of distortion, via
route E or F of Figure 8, it could be argued that the
pseudo cis distorted-octahedral structure arises from an
appropriate weighted mixture of the two misaligned
forms of the two static (4 + 1 4 1*) structures, Figure
7(b). As the dilute copper doped (3) system identifies
the two magnetically equivalent sites, misaligned with
respect to the unique & axis of this monoclinic system, a
disordered structure is possible, but there is no reason
why static disorder of the local molecular structure
should be so temperature variable as required for the two-
dimensional fluxional model.81® TFor this reason the
near cts distorted-octahedral structure of (1) is not
considered to be a genuine static stereochemistry of the
copper(1l) ion, but to arise as a consequence of the pseudo-

Teller Effect), and are best referred to as pseudo cis
distorted-octahedral structures. This term has been
previously suggested for the compressed tetragonal-
octahedral structures of Rb,[PbCu(NO,),],1® Cs,[PbCu-
(NOg)l, 1t and [Cu(dien)y(NO,),),1t which also arise as a
consequence of the two-dimensional fluxional CuNj
chromophore present in these complexes.16

It is unfortunate that the e.s.r. spectrum of (1) shows
no significant variation with temperature, down to
liquid-nitrogen temperature, as it suggests that temper-
atures down to liquid-helium temperature will be
required to reveal this e.s.r. evidence for (1). It also
implies that a crystal structure determination of (1)
below that of liquid-nitrogen temperature will be
necessary to reveal the two-dimensional fluxional
behaviour of (1).

The Origin of the Pseudo cis Distorted-octahedral
Stereochemistry.—It has been suggested earlier 3 that the
origin of the cis distorted-octahedral stereochemistry was
due to one of the components, B (or $;,2%) (Figure 10), of
C, symmetry, of the doubly degenerate E modes of
vibration of a regular tris(chelate)copper(11) complex of
D, symmetry.26 In a tris(chelate)copper(11) complex
involving two equivalent and one non-equivalent
chelate ligand, such as [Cu(bipy),(OXO0)]Y, the magni-
tude of this distortion is enhanced to give a clear cis
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distorted-octahedral stereochemistry, but as this dis-
tortion also occurs in the corresponding zinc({11) complex,?
the distortion cannot be Jahn-Teller in origin and must
originate in the Si, mode of vibration. As the cis
distortion is not symmetrical in either (1) or (2), the final
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FIGURE 9 DPlot of the electronic energies E, and E, versus A0 =
[Cu—0(2)] — [Cu—O(1)] for [Cu(bipy),(0XO0)]Y: OXO = ONO~-
(@), 0,CMe~ (O), O,CH™ (x)

stereochemistry must originate from a linear combin-
ation of the S;, and S, modes of vibration, with the
contribution of Sa, greater in (2). The greater N(4)-
O(2) distortion of (2) than (1) is facilitated by the
preferred prolate ellipsoidal shape of the copper(11) ion,*
while the lower distortion of (3) relates to the spherical
symmetry of the d10 configuration of the zinc(11) ion.

Cu

Sia S2a

FiGure 10 The normal modes of vibration of E symmetry
of a regular tris(chelate)copper(1r) complex

Non-co-operative  Jahn-Teller Effect.—The space
groups 12 of both (1) and (3) are isomorphous (P2,/n
with closely comparable unit cell parameters, Table 3);
it is then significant that the electronic energies (Figures
2 and 3) and the g factors (Figure 4) of copper doped (3)
are independent of the percentage doping, and suggests
that the stereochemistry of the doped CuN,O, is com-
parable to the structure of this chromophore in the pure
complex (1),! and is not related to the structure of the
ZnN,O, chromophore 2 in this near isomorphous lattice.
Thus, despite the near isostructural nature of the CuN,O,
and ZnN,O, chromophores, the local structure of the
CuN,O, chromophore when doped in (3) should not be
equated with the local structure of the ZnN,O, host

22179

lattice.?” It also suggests that the stereochemistry of
the CuN,O, chromophore in (1) is, in this complex,
independent of neighbouring copper(11) ions in the lattice,
and not dependent on, as required by the ° Co-operative
Jahn-Teller Effect ’,1! a structural situation that is best
described as the Non-co-operative Jahn-Teller Effect.58
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