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Abstract: The paper reports the syn-
thesis, X-ray and neutron diffraction
crystal structures, magnetic properties,
high field-high frequency EPR (HF-
EPR), spin density and theoretical de-
scription of the tetranuclear Cu" com-
plex [Cu,L,] with cubane-like structure

(—5.5 cm™), which correspond to short
and long Cu—Cu distances, respectively,
as evidence from the crystal structure
(H==> ZI;jS;Sj)- It is in agreement
with DFT calculations and with the sat-
uration magnetization value of an S=2
ground spin state. HF-EPR measure-

ments at low temperatures (5 to 30 K)
provide evidence for a negative axial
zero-field  splitting parameter D
(—0.25£0.01 cm™) plus a small rhom-
bic term E (0.025+0.001 cm™, E/D =
0.1). The experimental spin distribution
from polarized neutron diffraction is

(LH,=1,1,1-trifluoro-7-hydroxy-4-

methyl-5-aza-hept-3-en-2-one). The
simulation of the magnetic behavior
gives a predominant ferromagnetic in-
teraction J; (+30.5cm™) and a weak
antiferromagnetic interaction Jy

copy -

Introduction

As part of many polynuclear frameworks, cubane-like com-
pounds have received considerable attention over the
years.''™ In the frame of our investigation of polynuclear
systems exhibiting magnetic properties we recently reported
the synthesis, structure and magnetic properties of two
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mainly located in the basal plane of the
Cu" ion with a distortion of yz-type for
one Cu" ion. Delocalization on the
ligand (L) is observed but to a smaller
extent than expected from DFT calcu-
lations.

density func-
EPR spectros-
properties

series of heterobimetallic copper(Il)-lanthanide(III) com-
pounds with four [LnCu;] and nine [Ln;Cug] nuclearities
based on cubane-like architectures.!'*!*]

The chemical approach was based on the use of a simple
ligand (LH,, see below) of the type known to favor cubane-
like frameworks. As expected, the reaction gave a tetranu-
clear complex [Cu,L,], abbrevi-
ated to [Cu,], with copper(II)

. . . FaC
in a cubane-like architecture.

The two series of heterobime- ° HN]
tallic Ln"™-Cu" clusters [LnCu;] HO
and [Ln;Cus] were then built LH,
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L] Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800557: Selected inter-atomic
distances and angles from X-ray diffraction (Table S1). Magnetization
at 2 K (Figure S1). Section of the reconstructed experimental spin
density in the various Cu-Cu dinuclear planes (Figures S2-S3).
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when replacing one or two copper(Il) ions of the [Cu,]
cubane core by lanthanide(III) ions (Figure 1).'4

Cu Ln

A

[cu4] Ln
\/ [Cu,Ln]
N

Cu
[Cu,Ln,]

Figure 1. Schematic drawing of the synthesis approach.

Our major concern following this work is to understand
the effects on the magnetic behavior when introducing one
or several lanthanide ions in copper(II)-lanthanide(III) clus-
ters."" Our study raised several interesting questions regard-
ing the magnetic behavior of 3d—4f heterometallic systems.
For instance a small anisotropy was revealed for [Gd;Cug]™™
while a single-molecule magnet behavior with a strong coer-
cive field was evidenced for [Dy;Cug].'™! In the latter case,
the comparison with a previously reported [Dy;]" system
which possesses a similar {Dy;} framework but a quasi-null
ground spin state seems to indicate that in our system the
non-zero ground spin state was favored by the additional
copper(II) ion suggestively through spin-frustration effects.

In connection with this approach and to better understand
the origin of the magnetism we are now combining high
field-high frequency EPR, neutron spin density determina-
tion and theoretical studies in the investigation of these sys-
tems. HF-EPR measurements should give information on
the sign and magnitude of the anisotropy!"”! while the polar-
ized neutron diffraction has proven to be relevant to obtain
information on the spin delocalization.'®%! We also per-
formed theoretical studies of the magnetic exchange cou-
pling as well as spin-density calculations using the density
functional theory (DFT) formalism. Hence, recently some of
us have studied the magnetism of several tetranuclear Cu"
complexes (Cuy) with cubane-like structures. According to

Cu@@u

<=

2+4 class

1 2 3

6+0 class

4+2 class

Figure 2. Schematic drawing of the three structural types observed in
cubane-like tetranuclear Cu" complexes. Bold and dotted lines stand for
short and long Cu—O bond lengths, respectively.
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the number of short and long Cu-Cu distances, the systems
were classified in three different structural types (Figure 2)
and theoretical methods based on DFT were used to quanti-
fy the strength of the Cu"~Cu" magnetic interactions.® !

We now present detailed results of our study, combining
HF-EPR, neutron spin density determination and a theoreti-
cal study of Cu"-cubane [Cu,].

Results and Discussion

Description of the X-ray structure at room temperature:
The crystal structure was described in our previous paper!"!
and we briefly summarize the main features. The crystallo-
graphic data and refinement details are given in Table 1. Se-
lected bond lengths and angles are given in Table 2 (neu-
tron) and Table S1 (Supporting Information, X-ray).

Table 1. Crystal data and structure refinement for [Cu,].

Crystal data

formula CysH;,CuyFoN,Og

formula weight 1034.74
crystal system monoclinic
space group P2,/c (no. 14)
color blue
V4 4
Data collections and refinement details
X-rays Neutrons
T [K] 293 30
a[A] 13.8390(4) 13.393(3)
b [A] 12.2627(4) 12.207(3)
c[A] 22.6302(5) 22.82(14)
B I°] 96.785 (2) 97.224(6)
vV [A7] 3813.5 (2) 3701(1)
Peaied [gem™?] 1.802 1.857
GOF on F* 1.10 1.011
N reflections used 3573 3958
R(F)& 0.045 [I>30(I)] 0.0671 [I>30(F,)]
R,(F)" all data 0.056 0.1770

[a] ROF)=X||F,| = | F||/Z | F|, [b] R(F)=[Sw(|F|—|F)Ew|F,|]"
in which w=1/0%

The structure is very similar to the one reported with the
non-fluorinated ligand.” It is made of discrete neutral
[Cu,L,] molecules (Figure 3) with four Cu" ions and four li-
gands fully deprotonated (L*) (see below). The four alkoxo
oxygen atoms bridge the copper(Il) ions to afford a slightly
distorted cubic core {Cu,O,}. The copper ions are pentacoor-
dinated with a square base pyramidal environment. The
basal plane comprises one nitrogen and two oxygen atoms
from one ligand and a third oxygen atom coming from an-
other ligand. The apical position is occupied by an oxygen
atom from a third ligand. The Cu—O and Cu—N bond
lengths in the O;N; square plane range from 1.890(5) to
1.962(4) A (average: 1.935A) and from 1.930(5) to
1.948(6) A (average: 1.937 A), respectively. As it is usually
observed, the apical oxygen atom shows a longer Cu—O
bond length comprised between 2.400(4) and 2.451(4) A

— 9541
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Table 2. Selected interatomic distances [A] and angles [°] for [Cu,] from
neutron diffraction at 30 K.

Cul-O1 1.886(8) Cu3-05 1.921(8)
Cul-02 1.996(8) Cu3-04 1.962(8)
Cul-N1 1.923(6) Cu3-N3 1.958(6)
Cul—-06 1.992(9) Cu3-06 1.971(8)
Cul-04 2.409(8) Cu3-08 2.461(8)
Cu2-03 1.949(8) Cud—08 1.954(9)
Cu2-04 1.978(8) Cud-07 1.967(9)
Cu2-N2 1.946(7) Cud-N4 1.947(7)
Cu2-08 1.976(9) Cud-02 1.928(9)
Cu2-02 2.338(9) Cud—06 2.466(9)
Cul--Cu3 3.123(6) Cul--Cu2 3.334(7)
Cul-Cud 3.152(7) Cu2--Cud 3.108(7)
Cu2--Cu3 3.161(7) Cu3--Cud 3.298(7)
Cul-04-Cu2 98.5(3) Cu2-02-Cul 100.3(3)
Cu2-08-Cu4 104.5 (4) Cu4-08-Cu3 96.0(3)

Cu2-08-Cu3 90.2 (3) Cu2-04-Cu3 106.7(4)
Cu4-06-Cu3 95.4(3) Cu3-04-Cul 90.6(3)

Cu3-06-Cul 104.0(4) Cud-02-Cu2 93.0(3)

Cu4-06-Cul 89.4(3) Cul-02-Cu4 106.9(4)

(average: 2.420 A). The [Cu,] cluster belongs to the 442
class (Figure 2).'” Four {Cu,0,} faces exhibit two different
Cu-O-Cu angles (90 and 107°) with three short Cu-O distan-
ces (1.96 A) and a longer one (2.42 A). In contrast, the two
other {Cu,0,} faces have similar Cu-O-Cu angles (~97°)
with two short (~1.96 A) and two long (~2.42 A) Cu-O
distances.

Figure 3. a) Molecular structure of [Cu,L,] (L=1,1,1-trifluoro-7-hydroxy-
4-methyl-5-aza-hept-4-en-2-one). b) View of the cubane core with labels
used in the text.

Description of the nuclear structure at 30 K: The cell pa-
rameters refined at 30 K show a shortening of the a and ¢
cell parameters but the b parameter remains similar in the
limit of the error bar (Table 1). The interatomic distances
and valence angles (Table 2) are very close to those found
from the X-ray study (Table S1).

Magnetic behavior: The thermal variation of yT is shown in

Figure 4. At room temperature, the yx7 product of
2.02 cm®*Kmol ™" is higher than the expected value for four
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Cu" ions when considering a g value of 2.0
(1.5 cm*Kmol™). Upon cooling, 7 continuously increases
and reaches a maximum of 3.55 cm®* Kmol ™ at 10 K close to
the expected value for an S=2 state. This feature indicates
dominant ferromagnetic interactions within the cluster while
the T decrease below 10 K is ascribed to weak intermolecu-
lar antiferromagnetic interactions. The magnetization curve
recorded at 2 K reaches the saturation value of 4.0 ug in
agreement with an S=2 ground spin-state (Figure S1, Sup-

porting Information).™¥
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Figure 4. Temperature dependence of the 7 product for [Cu,]. The open
circles correspond to the experimental points.'*! The best fit curve is rep-
resented by the solid line while that obtained from the calculated J
values is indicated as a dashed line.

According to the structure and in agreement with the 4+
2 class of cubane clusters!'? the data were simulated consid-
ering two different coupling constants J;, and J, using the
spin Hamiltonian below in Equation (1):

H = =2], (Scmsclm + ScurScuw + ScwScu + SCu2SCu3)

. . (1)
—2J5(ScutScwr + ScusScus)
An inter-cluster interaction 6 was also included as a mean
field correction. The fit procedure leads to the following pa-
rameters: g=2.18, J;=+305cm™!, ,=-55cm™! and 6=
—0.10 K (Figure 4).

EPR Investigations: HF-EPR measurements were per-
formed on a polycrystalline powder sample pressed into a
pellet. Spectra were recorded at 190 and 285 GHz at tem-
peratures ranging from 5 to 30 K. In this temperature range,
only the S=2 ground spin state is thermally populated (the
first excited spin multiplet being about 50 cm™ higher in
energy) so that the HF-EPR study allows determining pre-
cisely the magnetic anisotropy of this ground state. At 30 K,
most of the intensity is found at 9.7 T for an exciting fre-
quency of 285 GHz (corresponding to a g=2.0 signal at
10.2 T), which should then correspond to the centre of the
spectrum (Figure 5). Conversely at 5 K, the transitions asso-
ciated to the lowest Mg level (Mg=—2) are amplified by the
Boltzmann effect and appear at the extremes of the spec-
trum (at 9.1 and 10.1 T for 285 GHz and 5 K).

Chem. Eur. J. 2008, 14, 9540—-9548
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Figure 5. Experimental powder EPR spectra for [Cu,] recorded on a
pellet sample at 285 GHz.

As the low field signal is the farthest from the centre of
the spectrum, it corresponds to the Mg=—-2—Mg=—1 tran-
sition along the z axis [Eq. (2)] and the zero-field splitting
axial parameter D is negative. The set of spectra recorded at
both frequencies and for all the temperatures have been cal-
culated by exact diagonalization of the spin Hamiltonian:

H =S - g B+D(S2—S(S + 1)/3)+E(S,2=S,2) 2)

A good agreement with the experimental data has been ob-
tained for the following set of parameters: D=-0.25+
0.01 cm™!, E=0.025+0.001 cm™ (E/D=0.1), g,=2.06+0.01
and g, = g, = 2.11540.005 (Figure 6).

30K

10K

5K

8.5 9.0 9.5 10.0 10.5
BIT

Figure 6. Calculated spectra at 285 GHz with the set of parameters indi-
cated in the text.

The calculation of the dipolar contribution to the zero-
field splitting of the S=2 ground state, within the point
dipole approximation and considering typical g values for
Cu" in square pyramidal geometry (g, =2.34 and g, =2.08)
is unable to account for the measured values. It leads to a D
value about ten times smaller than the experimental one
and with the wrong sign (positive D). It indicates that aniso-

Chem. Eur. J. 2008, 14, 9540-9548
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tropic exchange contributions to the zero-field splitting
should be dominant.?*

Spin-density reconstruction: We used the so-called Hansen—
Coppens model, adapted to spin density,™™ to reconstruct
the spin density from the experimental magnetic structure
factors. The spin density is written as a sum of atomic spin
densities which are developed over the basis of multipolar
functions centered on atom i:

1=4 !
pi(T) = Z Z P, Ri(G.kimi)y,,,(0.9) 3)
=0 m=——I
where P, is the population of the multipole /m, R is a
Slater-type radial function with exponent { and a contrac-
tion coefficient x and y,, is a real spherical harmonics.
We first applied a spherical model for all Cu atoms and
their first neighbors:

p(7.) = PNiyhe i @

The radial coefficients, taken from literature’®® were the fol-

lowing: for Cu, ny=4 and {=8.8 u.a.”", for N: ny=2 and {=
3.83 u.a.” ! and for O: ny=2 and {=4.45u.a.”".

The monopole populations were refined as well as the
radial exponent of copper (a same contraction coefficient x
was assumed for the four Cu atoms) on the basis of 152
unique reflections with Fy >30(Fy). An agreement factor
R, (Fy)=8.47 and a goodness of fit GOF=2.54 were ob-
tained.

In order to determine the nature of the copper 3d orbitals
involved in the magnetic interactions, we used a model for
the atomic spin density on the copper atoms allowing for
the refinement of the five orbital coefficients of the 3d orbi-
tal carrying the unpaired electron.””)

Yo =a;dp + ad,, + asd, + a,de_ . + asd,, %)

In this model, the copper atomic density is written as

2
Pcu(T) = peulved(T)F = pal Z amdom (7)) (6)
M=—2

where p, is the atomic population on Cu and a,y are the or-
bital coefficients and ¢,y are the five atomic orbitals with
M=-2to02:

b (T) = Nr'e ¥y (6,9) (7)

with the normalization condition (one unpaired electron on
Cu)

2
Z =1 (8)
M=-2

9543
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The expression of pc, becomes:

2
peu(T) = pal Z auNr’e Ty (0.9) 9)
M

-2

Using the properties of the products of Slater functions and
the products of real sphericals harmonics,*” this expression
may be written as:

]
pCu(7) = Pcu Z leNlRl(ZCJ)ylm(O?q)) (10)

where P, is a linear combination of products of two orbital
coefficients. The analogy between Equations (3) and (10)
leads to relationships between the multipole populations
and the orbital coefficients, assuming a radial exponent {=
2E.

No convergence was obtained in the orbital coefficient re-
finement and therefore refinements were performed apply-
ing a constraint on the 3d orbital type for each Cu one after
the other. The corresponding agreement factors are reported
in Table 3.

Compared with the spherical model, the refinement is im-
proved for Cul, Cu2, and Cu4 when using an x*—y* or xy
constraint. For Cu3, the refinement is slightly improved with
an x’—y* or xy constraint and also yz, but deteriorated by
others (xz, 7%).

This constrained refinement does not permit to discrimi-
nate between x*—y* or xy type for the spin density on Cu.
Indeed the same multipoles are involved in both cases
(quadrupole z* and hexadecapoles z* and x*+y*) as shown
by the expression of the populations in function of the cor-
responding orbital coefficients a, and as:

5vV3
Py = _2%17@(342 + 352) (11)
. 3 Pcu 2 2 (12)
Pio = 53470060417 (4 25
P 7pCu 2 2 13
44—7(34 +as°) (13)

Based on the theoretical study reported below, the x*—y’
type was assumed preferably to xy. Compared to the spheri-
cal refinement (R, (Fy)=8.47 and GOF=2.54), the refine-

ment is clearly improved by using a constraint with x*—y? or-
bitals on the four Cu atoms (R, (Fy)=38.20 and GOF =2.46).
In order to take into account the special case of Cu3 with
respect to the other copper atoms as seen in Table 3, a yz
component was added to the x*-—y* component (with an
equal weight) on Cu3 which leads to a slight improvement
of the refinement (R,,(Fy)=8.1 and GOF=2.4). In Table 4
are reported the refined populations corresponding to this
last model.

Table 4. Experimental spin populations at 2 K under 6 Tesla in the [Cuy]
cluster (model: The unpaired spin 3d orbital for Cul, Cu2 and Cu4 is
constrained to be of x*~y* type and for Cu3 of ((x*~y*)+yz) type).

Spin populations (i)  Spin populations normalized to 4

Kco [ua™'] 1.44(8)

Cul 0.633(9) 0.738(10)
Cu2 0.608(9) 0.709(10)
Cu3 0.708(9) 0.826(10)
Cu4 0.687(8) 0.801(9)
o1 0.044(10) 0.051(12)
02 0.115(9) 0.134(10)
O3 0.022(10) 0.026(12)
04 0.080(9) 0.093(10)
o5 —0.017(10) —0.020(12)
06 0.105(11) 0.122(13)
o7 0.094(9) 0.110(10)
08 0.077(9) 0.090(10)
N1 0.018(11) 0.021(13)
N2 0.089(10) 0.104(12)
N3 0.063(10) 0.073(12)
N4 0.102(9) 0.109(10)
Sum 3.43(4) 4.00

N obs 152

N param 17

GOF (=2.43)

R, (Fy) 0.081

The Figure 7 displays the section of the spin density in the
bridge planes for a symmetrical configuration and a long
Cu--Cu distance of 3.3 A (Figure 7a) and for an asymmetri-
cal configuration and a shorter Cu--Cu distance of 3.1 A
(Figure 7b).

Theoretical calculations: Using the previous Heisenberg
Hamiltonian [Eq. (1)] the calculated J values for this cubane
complex are +20.5 and +1.85 cm™, respectively, for J; and
J, exchange coupling constants (see Section on Computa-
tional Details). Such values are in agreement with those

found in our previous theoreti-

cal study for similar com-

Table 3. Refinements with different Cu 3d orbital constraints: agreement factors and goodness of fit. plexes 021 The difference in

Cul Cu2 Cu3 Cud strength between both interac-

Ru(Fy) GOF Ru(Fy) GOF Ru(Fw) X Ru(Fw) GOF  tions can be easily understood

Py’ 8.39 251 8.35 2.49 8.48 2.53 8.41 251 45 due to the presence of two
xy 8.39 2.51 8.35 2.49 8.46 2.53 8.42 2.51 _ .

xz 8.59 2.56 8.54 2.55 8.57 2.56 8.52 255  long Cu~O bond lengths in the

vz 8.46 2.53 8.55 2.55 8.43 2.52 8.51 254  case of the J, interaction whilst

z 8.57 2.56 8.61 2.57 8.51 2.54 8.54 255 only one for the J; coupling.

GOF = [(Zhy w(IF\C|—|Fv° 1))/ (No—N,)]"? with N,=number of reflections, N,=number of parameters and w

weighting scheme (1/0°).

9544 —— www.chemeurj.org
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Hence, for the J; interaction
the exchange pathway between
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Cul Cu2 Cut Cu4 curve (see Figure 4). The curve
e e e — 4.00 o obtained with the calculated J
2004 L s00. L 20 values is indicated as a dashed
04 06 0.60 line.
1 o1 L | N4 | 0.40 .
2.00 20041 O1 020 A representation of the cal-
0.18 . .
1.004 L 4.00- L 8.}2 culated spin density for the S=
) s 0.12 2 ground state can be found in
0.00 culn e ooo{ cut cud | oo B .
" 0,08 Figure 8. The corresponding
~1.00 1 F ~1.001 r S atomic spin populations are col-
: 0.02 :
5] 02 - . N1 02 I Too2 lf:cted in Table 5.' We can out-
~ 9ot line the predominance of the
~3.00 P -3.00- - B 09%  spin delocalization mechanism
TSP elocalizatio echanis
due to the presence of the un-

—-2.00 -1.00 0.00 1.00 2.00 3.00 4.00 5.00

Figure 7. Section of the reconstructed experimental spin density (in pg/A®) illustrating for the dinuclear planes

related to Cul.

the two copper atoms comprises two short Cu—O bond
lengths and consequently results in a stronger exchange in-
teraction. As was previously observed for other similar Cu,
complexes, the calculated values are different from the
fitted ones extracted from the experimental magnetic sus-
ceptibility (J;=4+30.5cm ™, J,=-5.5cm™). Indeed, usually
the calculated J, value corresponds to a weak ferromagnetic
(or very weak antiferromagnetic) interaction while the cal-
culated J, agrees well with the fitted data but giving a small-
er value. In our previous theoretical study,'? we performed
a deep analysis of such discrepancy. We concluded that
probably the larger fitted J; value could be due to a com-
pensation of the antiferromagnetic J, value while the two
calculated values are ferromagnetic. Nevertheless, both set
of values give a reasonable agreement of the experimental

Table 5. Averaged Mulliken, NBO!*! and AIM (Atoms in Molecules)®”!
atomic spin populations (see below for labels) using the B3LYP function-
al for the high spin S=2 ground state for the studied Cu, complex. The
spin populations obtained using Polarized Neutron Diffraction are pro-
vided for comparison.

-—};\3/
N o /
| /Cz\\N /C4 c5 ,
\ c6—C7.
O, N
OI
Mulliken NBO PND
Cu 0.624 0.631 0.77(1)
O, 0.172 0.171 0.11(1)
O, 0.083 0.086 0.04(1)
N, 0.111 0.104 0.08(1)
C1 —0.002 —0.001
C2 0.004 0.002
C3 0.009 0.008
C4 —0.016 —0.012
C5 0.006 0.004
C6 —0.008 —0.008
C7 0.008 0.007

Chem. Eur. J. 2008, 14, 9540-9548
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paired electrons in the M-L e,-
type antibonding orbitals.?**)
The spin polarization mecha-
nism only appears to be respon-
sible of very small negative
values on some carbon atoms (not detected in Figure 7 due
to the employed cut-off value). The predominance of this
mechanism on the carbon atoms is nicely represented by the
alternation of signs in a sequence of neighboring atoms (see
Table 5).

Figure 8. Spin density map, for the S=2 ground state of the Cu, complex,
calculated with the B3LYP functional. The isodensity surface represented
corresponds to a value of 0.03 e bohr™ (clear regions indicate positive
spin populations, negative values are not detected with the employed cut-
off).

Conclusion

In this paper we presented complementary studies on the
tetranuclear Cu complex [Cu,L,] with cubane-like structure
which we previously reported as a precursor of two series of
heterobimetallic ~ copper(Il)-lanthanide(III) with four
[LnCus] and nine [Ln;Cug] nuclearities."*!'”! With the aim to
better describe the magnetic properties of this compound,
we carried out a spin density study by polarized neutron dif-
fraction, HF-EPR and theoretical calculation. DFT calcula-
tions confirm that the predominant ferromagnetic interac-
tion J; (+30.5cm™") arises from the four Cu-Cu pairs with
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the shortest separation while weak antiferromagnetic inter-

actions J, (—=5.5 cm™") involve the two pairs with longer sep-

aration (H=- 3" 2J,5.5;). This is in agreement with the ex-
I

perimental spin density obtained from polarized neutron dif-
fraction study. The spin density is mainly located in the
basal plane of the Cu" ions with a distortion of yz type for
one Cu" ions. Some delocalization is observed on the ligand
(L) but to a smaller extent than shown by the DFT calcula-
tions. Interestingly, HF-EPR measurements at low tempera-
tures evidence a negative axial Zero-Field Splitting parame-
ter D (—-025+0.01cm™) plus a small thombic term E
(0.025+0.001 em™, E/D=0.1).

The results presented here show that such studies allow a
good description of the magnetic properties and further-
more they validate the experimental and theoretical tools
that will be used in further studies of the more complicated
copper(II)-lanthanide(III) systems [LnCu;] and [Ln;Cug]. In
this way, they should be understood as a part of a more ex-
haustive study aimed at understanding the structural param-
eters driving the magnetic anisotropy in these systems. This
is a prerequisite in order to reach a rational approach in the
design of single-molecule magnets.

Experimental Section and Computational Methods

Synthesis: The ligand (LH,) and copper(II) cubane [Cu,] were synthe-
sized as previously reported.'*'l Large single crystals used for neutron
diffraction were grown by slow evaporation of the reacting solution.

Magnetic measurements: Magnetic measurements were carried out on
bulk polycrystalline samples using a PTFE capsule as sample holder with
a Quantum Design MPMS SQUID magnetometer. The data were cor-
rected for the diamagnetism of the constituent atoms, using Pascal con-
stants, and of the sample holder.

EPR Study: The HF-EPR spectrometer was operated in transmission
configuration (single-pass operation) with oversized brass guides to prop-
agate the exciting frequency from the source (a 95 GHz Gunn oscillator
equipped either with a frequency doubler or with a frequency tripler) to
the sample and then to the detection (InSb hot-electron bolometer). The
main magnetic field is supplied by a superconducting magnet (with 12T
maximum magnetic field) with a small oscillating field superimposed to
the main one in order to record the derivative of the transmission. A
helium flux cryostat allows working from 1.5 to 300 K. The polycrystal-
line sample is pressed into a pellet in order to avoid orientation effects
due to the large applied magnetic field.

X-ray diffraction structure determination

Data collection: Diffraction data were collected at room temperature by
means of the COLLECT program.*” Lorentz-polarization correction,
peak integration and background determination were carried out with
the DENZOP! program. Frame scaling and unit-cell parameters refine-
ment were made through the SCALEPACK program.’!! No absorption
correction was applied to the data sets.

Structure solution and refinement: [Cu,| crystallizes in the monoclinic
system. According to the observed systematic extinctions, the structure
was solved in the P2,/c space group by direct methods using the SIR97
programs®® combined to Fourier difference synthesis and refined against
F using reflections with [I>30(I)] using the CRYSTALS program.¥ All
thermal atomic displacements for non hydrogen atoms have been refined
anisotropically. X-ray crystallographic data and refinement details are
summarized in Table 1. Selected interatomic distances and angles are
listed in Table S2.
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Neutron diffraction structure determination

Data collection: A single crystal of size (4x3x0.8) mm® was set on the
four-circle diffractometer 5C2 of the Laboratoire Léon Brillouin (LLB)
and cooled down to 30 K. The data collection details are reported in
Table 1. The wavelength was 0.8292 A. The cell parameters refined at
30K are: a=13.393(3), b=12.207(3), c=22.82(14) A, $=97.224(6)°. The
data collection was performed for theta between 5 and 75°. The integrat-
ed intensities of 10677 reflections were measured leading to 1503 unique
reflections, allowing the determination of the square of the nuclear struc-
ture factors |Fy(hkl)|* after data reduction. No absorption corrections
were performed because of the small value of the linear absorption coef-
ficient, estimated to 2.302 cm™.

Structure refinement: The atomic parameters determined from X-ray dif-
fraction at 150 K were used as starting parameters for refinement of
structure proceeded with the SHELXL97 software.*s! The non-hydrogen
atoms of the asymmetric unit atoms were refined anisotropically (full-
matrix least squares method on F,?). The common isotropic displacement
parameter (0.02712 A?) for hydrogen atoms was refined with a constraint
of 1.05 A for the C—H bonds. The refinement parameters are reported in
Table 1.

Polarized neutron diffraction experiment

The classical flipping ratio technique was used to determine the magnetic
structure factors which are Fourier components of the magnetization den-
sity.**3 Two data collections were performed on the SC1 polarized neu-
tron diffractometer at the LLB for two different orientations of the
sample with respect to the vertical applied magnetic field. The wave-
length we used was 0.84 A and the beam polarization equal to 88 per
cent. The flipping ratios were measured at 2 K under a high magnetic
field of 6 T. First, a large single crystal with a lozenge shape (5x5x
1) mm® was set in the cryomagnet with the ¢ direction vertical. A set of
545 flipping ratios R(hkl) was collected with |y, |=11, |ky.|=9 and
|lnax|=7 leading to 184 unique reflections. A second crystal oriented
with the b axis nearly vertical was used for the second data collection. A
set of 392 flipping ratios was then collected with |/, |=8, |kma|=6 and
| Imax | =11 leading to 126 unique reflections. The nuclear structure factors
Fy(hkl) calculated from the neutron structure determined in this work at
30 K were used to derive the experimental magnetic structure factors Fy-
(hkl) from the flipping ratios. Only the reflections with a large nuclear
structure factor (|Fy| > 1.107">cm) and a flipping ratio 0.5 < R <2
were retained for the data analysis. A correction for the nuclear polariza-
tion of the hydrogen nuclei by the high external magnetic field at low
temperature was applied. The Cu orbital contribution to the magnetic
structure factors ion was subtracted from the experimental quantities in
order to obtain the structure factors due to spin only. The dipolar approx-
imation®! was used to estimate this contribution taking a mean value
2.10 for the Landé factor g deduced from the EPR measurements. Two
final sets of 184 and 126 magnetic structure factors respectively were ob-
tained including 65 common reflections. The average between the 2 sets
of reflections provided a final set of 152 unique reflections with Fy >
30(Fy).

Computational details

Since a detailed description of the computational strategy used to calcu-
late the exchange coupling constants in polynuclear complexes is outside
the scope of this paper, we will only discuss here the most relevant as-
pects. A detailed description of the methodological approach can be
found in the literature.”*"*! as well as a review of the results for poly-
nuclear complexes.”” For a general polynuclear complex, the Heisenberg
Hamiltonian without anisotropic terms can be expressed as:

H==3 2,55 (14)

where S; and Sj are the spin operators of the paramagnetic centers i and
j- The J;; parameters are the exchange coupling constants for the different
pairwise interactions between the paramagnetic centers of the molecule.
In order to evaluate the n different coupling constants J; present in a
polynuclear complex, we need to perform calculations for at least n+1
different spin distributions (for the specific case of cubanes, see ref. [8]).
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Thus, solving the system of n equations obtained from the energy differ-
ences we can obtain the n coupling constants.

Previously, we analyzed the effect of the basis set and the choice of the
functional on the accuracy of the determination of the exchange coupling
constants.””**! The conclusions were that the hybrid B3 LYP functional,*!!
together with the basis sets proposed by Schaefer et al., provide J values
in excellent agreement with the experimental data. We employed a basis
set of triple-& quality for the transition metal atoms*? and double-¢ for
main group elements.”’! The calculations were performed with the Gaus-
sian 03 code!* using initial guess functions generated with the Jaguar 6.0
code.®!

CCDC 604273 contains 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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