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Abstract: The synthesis, structure,
EPR, and magnetic studies of two do-
decanuclear heterometallic cyclic clus-
ters are reported. The compounds have
the general formula
[R,NH, 5[ Cr;pCu,F14(O,CCMe;)] (R=
Me, 1 or iPr, 2). Both structures con-
tain an array of metal centers which
describe an approximate “hourglass”,
with an ammonium cation in the center
of each half of the figure. The chromi-
um sites are all six-coordinate, with the
two copper sites five-coordinate. The
majority of metal-metal edges are

pivalate ligands, while two Cr—Cu
edges are bridged by a single fluoride
and a single pivalate. Magnetic studies
show that 1 and 2 exhibit similar (but
not identical) behavior, which can be
attributed to ten antiferromagnetic and
two ferromagnetic exchange interac-
tions around the ring which gives an
S=0 ground state. Quantum Monte
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Carlo calculations have been used to
quantify the exchange interactions by
successfully simulating the susceptibili-
ty for the full temperature range and
thus clarifying the distinction between
1 and 2. EPR spectroscopy shows sig-
nals due to excited states, and a varia-
ble-temperature study has provided an
estimate of the energy gap between the
first excited state (S=1) and second
excited state (S=2) for 1 that is consis-
tent with the value obtained using the
QMC method.

bridged by a single fluoride and two

Introduction

There are many cyclic polymetallic complexes, ranging as
large as the giant wheels made by Miiller and co-workers.!!
For 3d metals the most spectacular structure is the {Mng,}
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complex described by the Christou group.” There are many
other 3d metal rings,”’ dating back to the “ferric wheel”l
and an octanuclear chromium ring.”) There are also the
many metallocrowns and metallocoronands reported by Pe-
corarol® and Saalfrank’s groups.”! Our interest in such rings
began with work on ferromagnetically coupled systems,®
but more recently has concentrated on heterometallic
rings.” ¥ These systems are particularly fascinating because
they give the opportunity of studying comparatively simple
antiferromagnetically coupled complexes that have a resul-
tant non-zero spin in the magnetic ground state. Such com-
plexes have been proposed as spin Qubits for quantum in-
formation processing.['*!

The original heterometallic rings had the general formula
[NH,R,][Cr;MF5(O,CCMes),4] in which R=a linear alkyl
chain, for example, Me, Et, or nPr and M =Ni", Co", Mn",
Fe". We have shown that using a branched alkyl chain, for
example, iPr, leads to a nonanuclear ring!'!! with these diva-
lent metal ions. The compounds result as long as M" will
adopt an octahedral coordination geometry.

Here we report the chemistry when Cu" is used in a simi-
lar reaction, using both Me,NH and iPr,NH as templates.
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The products have been characterized by X-ray diffraction
and studied by magnetic measurements and multifrequency
EPR spectroscopy. The results show that while the nucleari-
ty of the complexes are the same, differences are observed
in both the variable-temperature susceptibility behavior and
the EPR spectra. We have used quantum Monte Carlo
(QMC) methods to compute the temperature-dependent
susceptibility, and by comparing to experimental data, to de-
termine the magnetic interactions in both compounds.

Results

Synthesis and structural studies: Reaction of hydrated chro-
mium fluoride with pivalic acid and a secondary amine, fol-
lowed by addition of a source of a divalent 3d metal ion,
leads to an octanuclear heterometallic ring if the second
metal ion can adopt an octahedral coordination geometry.®!
If basic copper carbonate is used in the same reaction the
resulting cage is less easily rationalized [Eq. (1)].

10 CrF; - 4H,0 + 2 Me,NH + CuCO;
-Cu(OH), + 22HO,CCMe; —
[Me,NH,],[Cr;,Cu,F 4, (0,CCMes),,] (1) + 16 HF 4+ 43 H,O
+CO,
(1)
X-ray diffraction studies (Table 1) of

[Me,NH,],[Cr;,Cu,F,4(0,CCMe;),,] (1) show that a distort-
ed dodecanuclear ring forms in which five Cr'™ centers lie

Table 1. Experimental data for X-ray diffraction studies of 1 and 2.
1 2

formula Ci14Hp1,CryyCuF N0y CippHop Cry g CupF N, Oy
M, 3229.95 34143
crystal system tetragonal monoclinic
space group I4cd P2/

a[A] 30.950(1) 19.6922(12)
a[A] 40.8132(19)
c[A] 37.950(2) 23.8745(120
B 90 101.889(5)
VA% 36352(3) 18776(2)

T [K] 100(2) 100(2)

V4 8 4

 [mm™] 1.178 1.208

unique data 6622 19627

data with F,>40(F,) 5201 13176
R1/wR21 0.0977/0.3049 0.1163/0.3081

[a] R1 based on observed data, wR2 on all unique data.

on both sides of the two Cu" centers (Figure 1). If the same
reaction is performed with /Pr,NH a second cyclic dodeca-
nuclear complex is found: [iPr,NH,],[Cr;Cu,F 4
(0,CCMes),,] (2; Figure 2). The connectivity within the
rings of 1 and 2 is identical; however, the crystallographic
symmetry of the two complexes are different. In 1 the mole-
cule lies about an inversion center, while in 2 the entire do-
decametallic complex lies within the asymmetric unit.
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Figure 2. The structure of 2 in the crystal.

For both 1 and 2 the presence of two divalent metal ions
makes the ring a dianion. Therefore two secondary ammoni-
um cations are found at the center of the structure and the
hydrogen bonding between the cations and the fluorides of
the ring differ. In 1 there are hydrogen bonds to the termi-
nal fluorides (N--F 2.65 and 2.77 A); the next shortest Ne«F
contact is to a fluoride (F1) bridging between Cul and the
chromium center to which the terminal fluoride is attached
(Cr5a) (N-+F 3.03 A). In 2 the hydrogen bonding consists of
a two interactions per ammonium, one with a terminal fluo-
ride (N1-+F14 2.65, N2--F13 2.67 A) and the second with an
F bridging a Cu" and a Cr'™ site (N1--F5 2.81, N2.-F11
2.77 A). The next shortest N-F contacts are greater than
3.1 A and are N1.+F6 and N2.--F12. It is possibly the need to
form hydrogen bonds that leads to a pronounced distortion
of the dodecanuclear ring. In previous dodecanuclear rings,
the structure is regular, for example, in {Ni;,}®*¥ and {Co,,}
rings®™ the molecule has S crystallographic symmetry, while
in a recently reported {Fe,,} ring’® the array of metal cen-
tres has approximate sixfold symmetry.

Chem. Eur. J. 2006, 12, 8267 -8275
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All the Cr'™ sites in 1 and 2 are six-coordinate. In both
structures eight chromium centers have four O and two F
atoms in their coordination spheres, which is typical for het-
erometallic rings."'>' The final two Cr sites, which are
symmetry-related in 1 (Cr5 and Cr5a) but not in 2 (Cr5 and
Crll) are bound to three O and three F donors; the addi-
tional fluorides attached to these ions are the only terminal
ligands in the structure, and point into the cavity within the
metallomacrocycle. Bond lengths and angles are listed in
Table 2 and are typical for chromium.

Table 2. Selected bond length [A] and angle [°] ranges for 1 and 2.

1 2lal
Cu—F(ap) 2.103(9) 2.183(7)-2.212(7)
Cu—F(eq) 1.886(10) 1.890(9)-1.917(7)
Cu—O 1.919(14)-1.962(12) 1.877(17)-1.929(11)
Cr—F(bridge) 1.885(9)-1.931(10) 1.866(7)-1.941(8)
Cr—F(terminal) 1.847(10) 1.861(7)-1.866(7)

Cr-O 1.896(15)-2.009(14)
F(ap)-Cu-O 91.7(5)-98.1(5)
cis F(eq)-Cu-O 90.1(5)-92.8(5)

1.896(12)-1.989(12)
89.6(8)-99.3(9)
87.0(6)-95.2(4)

trans F(eq)-Cu-O 177.2(5) 172.2(9)*-174.6(4)
F(ap)-Cu-F(eq) 84.6(4) 89.6(3)-92.3(3)

cis O-Cu-O 88.2(6)-88.6(6) 85.9(5)-91.8(5)
trans O-Cu-O 170.0(6) 163.2(6)-165.3(5)
cis F-Cr-F 87.3(4)-91.0(5) 88.7(3)-91.6(3)
trans F-Cr-F 178.5(5) 179.1(3)-179.2(3)
cis F-Cr-O 86.6(5)-95.5(5) 87.4(4)-93.3(3)
trans F-Cr-O 176.2(5)-179.7(9) 176.0(5)-178.6(4)
cis O-Cr-O 85.3(6)-95.3(6) 84.5(5)-92.9(5)
trans O-Cr-O 175.3(5)-179.1(9) 175.4(4)-178.5(4)

[a] Bond lengths and angles involving disordered pivalates excluded
except for angle identified with *.

The copper sites are all five-coordinate, with a square-
based pyramidal geometry; three O and one F donors are
bound in the basal plane, with a fluoride ligand in the axial
position. The Cu—O bond lengths fall in the range
1.877(17)-1.962(12) A. The bonds to the basal fluorides vary
from 1.886(1) to 1.917(7) A, with the bond to the apical F-
site longer in all cases and falling in the range 2.103(9)-
2.212(7) A.

As bond angles at single-atom bridges can be related to
the magnitude of the magnetic superexchange, it is worth
considering the angles at the bridging fluorides 1 and 2. In 1
the eight Cr-F-Cr angles range from 123.0(5)-125.0(6)°,
averaging 124.0°. In 2 the eight equivalent angles range
from 123.7(3)-125.3(3)°, with an average of 124.9°. The Cr-
F-Cu angles fall into two groups. Firstly there are those in-
volving the F ligand in the Cu basal plane. In 1 this angle is
122.5(5)°, while in 2 this angle is much bigger, averaging
130.9(5) £1.1°; such a significant difference could influence
the magnitude of the magnetic exchange, especially as the
magnetic orbital of Cu" (d,._,») should interact with this flu-
oride. The bridging angle involving the apical fluoride is
similar for the two compounds: 113.0(5)° in 1 and 114.5(3)
and 114.7(3)° in 2. Whether this fluoride influences the mag-
netic exchange is debatable as it does not interact with the
SOMO on Cu". The prediction, based on this structural evi-
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dence, and the assumption that superexchange through fluo-
ride is the most important path for magnetic interactions, is
that the only significant difference we should observe would
be in the magnitude of one exchange interaction between
Cr and Cu.

A final point concerning the two structures is the degree
of disorder found. While pivalate ligands are very frequently
disordered, due to disorder of the tert-butyl groups of the
carboxylate, in 2 there is additional disorder in which one of
the two carboxylates bridging Cu2 and Cr4 adopts two dis-
tinct conformations, including the O atoms bound to the
metal centers. These metal centers therefore have a disor-
dered coordination sphere. This may be important in ex-
plaining why the EPR spectra of 2 are a great deal less well
resolved than those of 1 (see below); disorder can introduce
strain in both the g and D tensors.

Magnetic measurements: For both 1 and 2 the product y,, T
has a value of about 16 cm*Kmol™! at room temperature
(Figure 3). This compares with a calculated value of
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Figure 3. The variable temperature behavior of 1 and 2 displayed as: y,,

versus 7, 0 for 1 and e for 2; and y,, 7 versus 7, o for 1 and A for 2. The

measurements were made in a 1 T magnetic field.

19.4 cm®*Kmol ' for ten noninteracting Cr'™ and two nonin-
teracting Cu" centers (assuming ge,=1.99, gc,=2.1). The
measured value of y,7 declines steadily as temperature
falls, and at the lowest temperature measured (1.8 K) in
both cases is less than 1 cm®Kmol™, suggesting predomi-
nantly antiferromagnetic exchange and a likely S=0 ground
state. This is entirely predictable given that the Cr--Cr ex-
change is antiferromagnetic in all the heterometallic rings
we have studied.

The behavior of y, shows a subtle difference between 1
and 2 below 50 K. For 1 the increase in y,, with decreasing T
slows, and a small plateau begins to form, but below 15K
the value increases sharply. This behavior would be consis-
tent with an §=0 ground state only if x,, falls towards zero
below the lowest measured temperature (1.8 K). The value
of y., for 2 is slightly larger than that for 1 for 7>10 K, and
a noticeable plateau forms for lower temperatures. There is
a second maxima—with the value of y, at 2K slightly
higher than at 4 K.
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EPR spectroscopy: While the differences in the susceptibili-
ty behavior of 1 and 2 are subtle, the differences in the EPR
spectra of the two compounds are more pronounced. Studies
of 1 at K- or Q-band show a broad unresolved resonance at
20K and above. This is typical for exchange-coupled com-
pounds when several spin multiplets are occupied. However,
at 10 K and below the spectrum is resolved into a series of
features (Figure 4). At the Q-band, we find a strong feature

10K

8K

6K

5K

11l

0 4000 8000 12000 16000
Magnetic Field in Gauss

Figure 4. Variable temperature EPR spectra of 1 recorded at Q-band
(34 GHz).

at B=5000 G, a complex series of lines centered at B=
13000 G, and many weaker resonances. The low-field fea-
ture resembles the Am =2 transition of an S=1 state, and
the different temperature-dependent behavior of the various
resonances suggests that we are seeing more than one spin
state. The feature at low field increases in intensity relative
to the rest of the spectrum as temperature falls, suggesting
that it arises from a spin state lower in energy than the spin
state responsible for the lines near B=13000 G. The spectra
of 2 show different behavior (Figure 5). At 20 K and above
there is a broad unresolved signal centered at g=2.00. At
lower temperatures structure appears on this resonance, but
even at 5 K this structure is not resolved.

Discussion
Possible spin ground states of a {Cr,;,Cu,} cycle: Prior to a

discussion of the quantitative analysis of the magnetism, it is
useful to first consider the possible spin ground states result-

8270 —— www.chemeurj.org
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Figure 5. Variable temperature EPR spectra of 2 recorded at Q-band
(34 GHz).

ing from classical considerations. In fact, these considera-
tions will clarify the inadequacy of the method used in our
previous paper on this system. In that paper we used a hy-
pothetical {CryCu,} ring as a model. This followed a similar
procedure to that adopted for {Fe,,} rings previously.”] Un-
fortunately while this substitution is valid in a homometallic
ring, the nuclearity of the heterometallic ring makes this ap-
proach invalid as will be explained in the following with the
aid of Figure 6.

We consider two possible sets of exchange parameters.
Firstly, in model A all exchange parameters around the
{Cr,,Cu,} cycle are antiferromagnetic (Figure 6, model A). If
we number the metal sites sequentially from 1 to 12, the
two Cu" ions are found in positions 1 and 7 of the cycle.
Therefore if we consider the magnetic behavior of sublatti-
ces of the ring containing the metal ions in the “odd” posi-
tions we would get the spin from the odd sublattice as:

Soqa=4x3/2 (from Cr'™) 4 2x1/2 (from Cu")=7.

For the even sublattice the spin would be given by:
Seven=6x-3/2 (all from Cr'™)= -9,

The ground state would therefore have S=2 from coupling
the odd sites antiferromagnetically to the even.

If we assume that two of the four Cr--Cu exchange inter-
actions are ferromagnetic this generates model B, which can

Chem. Eur. J. 2006, 12, 8267 -8275


www.chemeurj.org

Cluster Compounds

Model A

Per | EI *cr| |cr? |%cr|

Heor scr 1

Yer | [Pcrt |%cr | [l cr |

Model B
J, Js Jy
Per | crt |Pcr| |*cr?
Her t *cr |
Yer| |%cr1 |cr| MW ‘Cr 1
Model C
Yer | EI cr| |Pcr?
‘cr 1 *cr |
!cr | |"cr 1 |NeitSM °Cr 1t
Model D

Mor | I=I crt |Pcr

‘cr t ‘cr 1

f.¢r| |'crt 5cr |

Figure 6. Schematic representation of possible ground states for cyclic
{Cr,(Cu,} and {CryCu,} compounds.

be shown to have an S=0 ground state (Figure 6). Thus the
presence of two ferromagnetic exchange interactions gener-
ates a lower spin ground state than all antiferromagnetic in-
teractions.

Unfortunately when an imaginary {CrsCu,} ring is consid-
ered, as in our previous paper, the result is almost the oppo-
site. The two Cu' sites are at 1 and 6 within the decametallic
cycle, and hence one belongs to each of the odd and even
sublattices. Therefore for model C, in which all nearest
neighbor interactions are antiferromagnetic, the spin ground
state is 0. Introduction of two ferromagnetic interactions
gives model D, which would have an S=1 ground state.

Therefore while for {Cr,,Cu,} inclusion of two F-exchange
interactions gives an S=0 ground state (model B), for the
imaginary {CrgCu,} ring the diamagnetic state arises from
the all antiferromagnetic model C.

Quantum Monte Carlo simulations: Detailed analysis of the

magnetism by using full-matrix diagonalisation would be im-
practical because a cyclic {Cr;,Cu,} array involves matrices

Chem. Eur. J. 2006, 12, 8267 -8275
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of 42x10° rows and columns. Instead we used the QMC
method to derive the exchange constants. Our earlier analy-
sis of the bond angles suggested that we adopt a model
based on three exchange constants J, J,, and J;. Additional-
ly, the qualitative analysis of the previous subsection, based
on a classical picture of the spins, as shown in Figure 6
(model B), suggests an expected S=0 ground state. Using a
quantum Monte Carlo (QMC) method to calculate y,,
versus 7, we were able to provide a quantitative foundation
for this model. Our analysis allowed us to 1) improve upon
the previously published estimates of Jy, J,, J5, 2) establish
the spin of the ground state, and 3) clarify the distinction be-
tween the two compounds based on the susceptibility data.
The indispensable advantage of this method is that the sus-
ceptibility is calculated in a manner that is free from system-
atic errors, while avoiding the severe obstacles of diagonaliz-
ing very large matrices.

We use the Hamiltonian given in Equation (2) in which
S 1=5,, and the J(n) are set equal to J, for Cr—Cr pairs
and either J, or J; for Cr—Cu pairs (see Figure 6).

H= U@, T +gm)uss, B 2)

Also, g(n) is chosen equal to 1.96 for Cr ions and 2.1 for
Cu ions. We calculated y,, versus 7 for a very large number
of (Ji, J,, J5) triplets. From the data it was immediately evi-
dent that, for temperatures above 100 K, y,, is relatively in-
sensitive to J, and J;. Thus, by fitting the high-temperature
data, we were able to determine the value of the antiferro-
magnetic Cr—Cr exchange and found that for 1 J,=-20+
0.5K and for 2 J,=-17.5+0.5 K.

Although the high-temperature susceptibility is deter-
mined almost entirely by J;, we found that the low-tempera-
ture data is extremely sensitive to even slight variations in
the two Cr-Cu exchange interactions, J, and J;. This can be
seen in the contour maps of Figure 7, in which we show that
by varying J, or J; by only a few K the resulting fits to the
experimental data become orders of magnitude worse. Also
demonstrated by this figure, there is only a single, small
region in the three dimensional (J,, J,, J;) parameter space
that produces a good fit. For 1, this best fit is achieved with
the values J,=—-224+1K and J;=4+13+1 K, while for 2 we
find J,=-26+1K and J;=4+18+1K.

In Figure 8 we present the experimental susceptibility for
1 and 2 as well as the QMC data that yield the best fits.
Note that in both cases the fits are very good. We successful-
ly reproduce the plateau and the rapid increase at lower
temperatures for 1, as well as the “double maxima” below
50K for 2. The QMC calculations are easily extended to
lower temperatures, and for both sets of exchange parame-
ters, we find that the theoretical data drops towards zero
below 1K. This indicates that the spin ground state is
indeed zero.

Based on the exchange parameters given above, addition-
al QMC calculations were performed so as to obtain M
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Figure 7. Contour maps showing variation of quality of fit of data with
variation of J, and J; for the fixed choices J,=—20 K for 1 (top) and J,=
—17.5 for 2 (bottom). The gray scale bars summarize the discrepancy be-
tween the experimental and QMC y(7) data for 1 (top) and 2 (bottom).
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Figure 8. QMC fit of susceptibility behavior of 1 and 2 using the parame-
ters given in the text.

versus B for several very low temperatures. Analysis of this
data allows us to predict the energy gaps between the S=0
ground state and the lowest S=1 and S=2 states. Based on

8272 —— www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

these calculations, for 1 the S=1 state lies 2.0 cm™' above
the ground state and the S=2 state is 6.5 cm™' above the
ground state. For 2 the S=1 state is 2.3 cm™! and the S=2
state is 7.5 cm ! above the ground state.

The beauty of the QMC method is that it allows us to
quickly survey all possible variations of the exchange inter-
actions. In a few hours of computation using five nodes of a
computer cluster, we were able to consider hundreds of dif-
ferent choices of the three exchange constants, while the
corresponding calculations using diagonalization methods
would take several years. It is particularly intriguing that
features which might otherwise be attributed to “impuri-
ties”, such as the rapid increase in 1 at low temperatures,
can be reproduced by a model without any impurities.
Moreover, it is satisfying that we can differentiate between
1 and 2 by different sets of exchange constants although
they have very similar sets of data.

Analysis of the EPR spectroscopic data: The differences be-
tween the spectra of 1 and 2 are significant, and we will pro-
pose explanations for these differences below.

The spectra of 1 show the presence of at least two spin
states. We initially thought that, if the ground state is S=0,
these states would be the S=1 first excited state and the
S§=2 second excited state. We have therefore simulated the
spectra by adding together the spectra due to both spin trip-
let (Figure 9 S=1) and spin quintet states (Figure 9 S§=2).

Experimental Spectrum

T

4000 8000 12000 16000 20000
Magnetic Field in Gauss
Figure 9. Analysis of the EPR spectrum of 1. Simulations of the S=1 and
S=2 states and the sum of the S=1 and 2 states; experimental EPR

spectra for 1 at 5 K and Q-band is also given. The simulations use the pa-
rameters given in the text.

We can achieve the simulation shown in Figure 9 by using
the following parameters: for S=1, g, =g,=g,=2.03, Ds_;=
0.455cm™!, 1=0.33, W,=W,=W_=450 G; for §=2, g,=
1.97, g,=1.90, g,=1.95, Ds_,=0.078cm™!, A=0, W, =W, =
145 G, W,=300 G, in which W, are Gaussian linewidths.

The observation of spectra for two spin states also allows
us to pursue a more involved analysis. The first idea was to
derive the single-ion contribution to the cluster spin Hamil-

Chem. Eur. J. 2006, 12, 82678275
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tonian parameters by using the spin projection approach.!'”)

As Cu"is an S=1/2 ion it has D =0. The spin projection ap-
proach involves pair-wise coupling of spins, using Equa-
tion (3),l"1 in which d,, d,, and d,, are coefficients straight-
forwardly calculated from the coupled spin states, D, and
Dy are the single-ion axial zero-field splitting parameters for
spin A and spin B, respectively, and D,g is the exchange
contribution to the zero-field splitting of the specific spin
state of the cluster, D,

Dy =d Dy +d,Dg +d;;Dpp 3)

The difficulty in applying this method to such a complex
system is that we have to define a coupling scheme for the
order in which we couple the spins of the cluster.!"s!

The one we have chosen is to consider the cyclic cluster
to contain two identical sublattices that couple antiferro-
magnetically to give the spin ground state. Each sublattice
contains a ferromagnetically coupled nearest neighbor Cr—
Cu pair, giving an S=2 state, and two ferromagnetically
aligned pairs of Cr' ions that are next-nearest neighbors,
each giving an §=3 state. To generate the S=8 for the sub-
lattice we couple firstly the Cr ions in each pair and then
couple these pairs to give an S=6 state; we then coupled
this §=06 state to the §=2 from the Cr—Cu pair to give S=
8. The same procedure was followed for the second sublat-
tice and in the final step these two §=8 states were coupled
to generate the S=1 and S=2 states observed (as well as all
other states from S=0 to S=16). Using this approach we
can calculate how Dg_; and Dg_, depend on D, and on a
series of exchange terms [Egs. (4) and (5)]

-57 3
DS:I = TDCr_57(EDCrCr
4)
1 3 1
+%DCrCu + 2—0D3v3 + §D6.2 + 29D8,8
-13 3
Dy, :TDCr*13(@DCrCr

5
1 3 1 ®)
+%DCrCu + 50 P33 + §D6.2 +7Dgs

The various exchange terms are labeled as either the ions
involved in the exchange (D¢er OF Deye,) Or the intermedi-
ate spin states involved (Ds; or D, or Dygg). Unfortunately
this generates two simultaneous equations in six unknowns.
We can easily eliminate five of the unknowns by multiplying
one equation by 13 and the other by 57 then subtracting,
leaving an equation in Dgg [Eq. (6)]

57D_,—13Dy_, = 22Dy (6)

Including the measured values for Ds_, and Dg_, gives
Dgs=—0.07 cm™'. If we include this value in the equations
for Dg_, and Dg_, and neglect the other exchange terms we
get Equations (7).
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—57
Dy, =—g-Dc,—194

_13 )
DS:Z — ?DCI_O47

This gives D¢, =0.34 cm™', which is very similar to the
single-ion contributions to anisotropy determined in other
heterometallic rings by inelastic neutron scattering.” The
procedure is reasonable as, assuming dipolar exchange as
the largest contributor to the exchange term, the Dgg term
should be the largest as it involves the largest two inter-
mediate spins; it also has the largest coefficient in the equa-
tions.

The second piece of analysis uses the different variable
temperature behavior of the resonances due to the S=1 and
S=2 spin states to attempt to derive the energy gap be-
tween these states. The analysis uses the fact that the inten-
sity of an EPR transition is proportional to the contribution
to the magnetic susceptibility of a specific state. Using the
Van Vleck equation, and assuming that at low temperature
only the $=0, 1, and 2 states are populated, we can calcu-
late the contributions to the total susceptibility from the S=
1 and S=2 states and set them as proportional to intensities.
This gives Equations (8) and (9) in which I;_, and I;_, are
the intensities of the signals due to the relevant spin states,
E, is the energy of the S=1 state and E, is the energy of the
S§=2 state (setting the energy of the S=0 ground state as

7ero).
i) (e (-5))
Iy (8)
1+ 3exp<—f—‘> + Sexp(—f—;>
(105 ) (e(-5))
1372 o (9)

1 +Sexp<—f—}> +Sexp(—f—;>

If we assume the same proportionality constant and
divide one equation by the other and convert to a logarith-
mic scale we get Equation (10).

Infs_,—Inls_, = (E,—E, /kT)—In(5) (10)

Therefore a plot of the difference in the logs of the inten-
sities versus 1/7 will give the energy gap as the slope. Com-
paring the intensities of the two spin states was done by
identifying specific isolated resonances that could be as-
signed exclusively to either the S=1 or §=2 states and con-
sidering the relative amplitudes of these resonances. In all
cases the energy gap is found to be between 4.8 and
6.0 cm™'. Due to the difficulty in accurately measuring inten-
sities of EPR lines, we are satisfied that this estimate is con-
sistent with the result, 4.5 cm™!, that we obtained for 1 using
the QMC method (see above).
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The unresolved question concerning the EPR spectra is
the considerable difference between the spectra of 2 and 1.
The best explanation we can propose is that the disorder in
the coordination sphere of two metal centers in 2 (Cu2 and
Cr4, see above) introduces strain into both the g and D ten-
sors. This causes the S=1 state to give resonances that are
broadened beyond being noticeable (we can see some very
broad peaks in the baseline at low field), while the $=2
state gives a much less well resolved set of lines than for 1.
Other possible explanations, for example, very large zero-
field splitting of the S=1 state that would take the resonan-
ces out of the spectral window, do not seem plausible. The
explanation that the S=2 state is lowest in energy (model A
in Figure 6) cannot be reconciled with the magnetic data.

Conclusion

The results presented here show how the coordination ge-
ometry of the divalent metal influences the structure of het-
erometallic rings, in which the divalent metal adopts an oc-
tahedral coordination geometry regular octagonal rings are
formed from the reaction described here.”! The resolution
of the EPR spectra of 1 has allowed us to derive both the
single-ion anisotropy of the Cr' ions present and the energy
gap between the S=1 and §=2 states.

The most intriguing results come from the magnetic anal-
ysis using QMC methods. The speed of the method allows
us to survey parameter space very quickly and this has al-
lowed us to fit the data without invoking a paramagnetic im-
purity to explain a low temperature rise in x,,. The time con-
straints created by the slowness of traditional diagonalisa-
tion methods prevents a full survey of parameter space; it is
possible that in previous work this has led workers to in-
clude a “paramagnetic impurity” as a short-cut to fitting
data well even though no impurity was present.

Experimental Section

Preparation of compounds: All reagents, metal salts and ligands were
used as obtained from Aldrich. Analytical data were obtained by the mi-
croanalytical service of the University of Manchester.

Compound 1: CrF;-4H,0 (3.0 g, 17 mmol), dimethylamine (3.0 mL, 2.0m
solution in tetrahydrofuran, 6.0 mmol), and pivalic acid (14.0g,
140 mmol) were stirred together at 140°C for 2.0 h in a Teflon flask.
Basic copper carbonate (1.0 g, 4.5 mmol) was added and the solution
heated for a further 3 h. The flask was cooled to room temperature and
acetone (30 mL) was added with stirring. A green crystalline product was
formed. The product was filtered, washed with a large quantity of ace-
tone, dried in air and recrystallized from ethylacetate:acetone (1:1).
Yield 32g (60%); elemental analysis caled (%) for
C11,H,14CrCuyFyN,0,-2 EtOAc: Cr 15.27, Cu 3.73, C 43.02, H 6.81, N
0.82, F 7.81; found: Cr 14.93, Cu 3.76, C 43.47, H 7.04, N 0.68, F 7.23.
Compound 2: CrF;4H,0 (5.0 ¢, 27.6 mmol), diisopropylamine, (1.2 g,
11.9 mmol), basic copper carbonate (0.55 g, 2.5 mmol) and pivalic acid
(15.0 g, 147 mmol) were heated while stirring at 140°C for 6.0 h. The
flask was cooled to room temperature and acetone (30 mL) was added;
the obtained solution was filtered and then diluted with acetonitrile
(30 mL) causing precipitation of the green product. This was collected,
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washed with acetonitrile, and dried in air, followed by purification by
column chromatography on silica gel using ethyl acetate as eluent; 2 was
eluted as the first product. The eluent was evaporated to dry under re-
duced pressure. The product was crystallized from a pentane/acetone
mixture by slow evaporation of the solvents. Yield 1.75 g ( 21 %, calculat-
ed from Cu); elemental analysis calcd(%) for C,,,H,3CroF,N,Cu,0,:
Cr 15.56, Cu 3.80, C 43.84, H 6.94, N 0.84, F 7.96; found: Cr 15.99, Cu
3.64, C 43.74, H 7.20, N 0.75, F 7.87.

X-ray diffraction studies: Data were collected on Bruker SMART CCD
diffractometer (Moy,, 4=0.71069 A). In all cases the selected crystals
were mounted on the tip of a glass pin using Paratone-N oil and placed
in the cold flow (120 K) produced with an Oxford Cryocooling device.
Complete hemispheres of data were collected using w-scans (0.3°, 30 sec-
onds/frame). Integrated intensities were obtained with SAINT 4! and
they were corrected for absorption using SADABS.?! Structure solution
and refinement was performed with the SHELX package.” The struc-
tures were solved by direct methods and completed by iterative cycles of
AF syntheses and full-matrix least-squares refinement against F>.

CCDC-610559 and 610560 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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