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Division of chemistry, Graduate School of Science, Hokkaido University, Sapporo,
060-0810, Japan

Abstract

We investigated electron spin densities of pyrazolato-bridged complexes [Cu(pz)sa], 1
and [Cua(pz)2(NO3)(H20)(phen)2]NO3 2 (Hpz = pyrazole, phen = 1, 10-phenanthroline)
using solid-state high-resolution NMR to elucidate the magnetic interaction paths
with the help of molecular orbital theory. We prepared deuterated analogue of these
complexes, 1-dg and 2-dg, to measure temperature dependence of ?H- and "*C-NMR
shifts between 190 K and 350 K. The hyperfine coupling constants (HFCCs) and
electron spin densities were determined from the slopes of the shifts as a function
of the magnetic susceptibilities. The derived spin densities were all positive, which
indicates the dominant magnetic interaction paths of these complexes are not 7 but
o orbitals of the pyrazolate ligand. The NMR results reasonably agreed with those
of density functional theory (DFT) calculations for molecular models of 1 and 2.

Key words: local magnetic structures, solid-state 13C-NMR, solid-state 2H-NMR,
hyperfine coupling constant, distribution of electron spin density

1 Introduction

Solid-state NMR has been widely used to study the magnetic properties of co-
ordination compounds [1-4]. In particular, magic angle spinning (MAS) NMR
spectroscopy is a powerful technique for obtaining high-resolution NMR spec-
tra of paramagnetic metal complexes [4-8]. In the beginning of 1990’s, it was
demonstrated that ¥C-, *H-, and ?H MAS NMR spectra of deuterated para-
magnetic solids exhibit well-resolved lines without *H decoupling. [9,10] Since
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then, deuterated compounds have been used in a variety of NMR studies:
transition metal complex [5], model compounds [6] or mutant [11] of metal-
loproteins, organic ferromagnets [12,13], metallocenes [14], cathode materials
[15], two-dimensional [16] and REDOR [17] experiments. Nevertheless, its ap-
plications to polynuclear complexes, especially to coordination polymers, are
still rare.

A large number of Polynuclear copper(II) complexes have been synthesized
and structurally characterized so far, and a number of magneto-structural cor-
relations are proposed. For example, there exists linear correlation between the
magnetic-exchange coupling constant —2.J and the Cu-O-Cu angles in bis(u-
hydroxo)-bridged binuclear copper(Il) complexes [18]. While this correlation
is well explained by molecular-orbital theory [19], it is usually difficult to eluci-
date the nature of magnetic interactions in complexes bridged by heterocyclic
ligands, such as pyridazine [20], imidazolate [21], and pyrazolate [22]. One of
this reasons is that these heterocyclic ligands seldom bridge the metal atoms
without additional bridging ligands (hydroxo and chloro, for example) or func-
tional groups to chelate the metal ion. These chemical modifications obscure
the inherent contribution from the bridging ligand to the magnetic interac-
tion. As far as we know, there are seven structurally-characterized polynuclear
copper(II) complexes which are bridged by two unsubstituted pyrazolate an-
ions, (CsH3N3, Fig. 1(a)) [23-27]. These are antiferromagnetically-coupled
coordination polymer [23] and binuclear complexes [24-27] with —2.J values
of 143 — 270cm~!. The superexchange pathway has been proposed to be the
7 system of the pyrazolates for the polymeric complex [23], while the o sys-
tem has been proposed for the others on the basis of extended Hiickel MO
calculations.

In this paper, we investigate poly- and bi-nuclear copper(II) complexes [Cu(pz)s],,
1 and [Cuy(pz)2(NO3)(H20)(phen)s]NO3 2 (Hpz = pyrazole, phen = 1,10-
phenanthroline) which have simple pyrazolate ligands as bridges. In 1, coor-
dination geometry around the copper atom is a distorted tetrahedron having
exact Dy symmetry and in 2 is the geometry between trigonal bipyramidal and
square pyramidal. These complexes have electron spin of S = 1/2 at copper(II)
ion. It has been reported that the —2.J value of 1 and 2 is 162, 143 cm™!,
respectively, indicating the existence of an antiferromagnetic interaction. De-
localized or polarized electron spin of the bridging pyrazolate is believed to
mediate antiferromagnetic exchange interaction [23,27]. There is continuing
interest in molecular orbitals that determine the local magnetic structures of
paramagnetic complexes. We measured solid-state high-resolution NMR spec-
tra of deuterated analogues of the complexes to elucidate which molecular
orbital works as superexchange pathway.



2 Experimental

2.1 Sample Preparation

Perdeuterated pyrazole was prepared by catalytic exchange reaction [28]. Deuter-
ated analogues of 1 and 2 were prepared in a similar manner to the literature
methods [23,27] using the perdeuterated pyrazole. The samples 1-dg and 2-dg
were identified with elemental analysis and powder X-ray diffraction.

2.2 Solid-state high-resolution NMR

2H MAS NMR and the 13C MAS NMR spectra of 1-dg and 2-dg were measured
by a modified TOSS pulse sequence [29,30] for powder crystalline samples at
an external magnetic field of 7.05 T with a Bruker DSX300 spectrometer.
A simple m-echo pulse sequence was also employed to measure the spinning
sideband patterns. The spinning speeds of the samples were 7 kHz and 9 kHz
for 1-dg and 2-dg, respectively. The 2H- and *C-NMR spectra were measured
from 190 to 350 K. The thermometer of the MAS NMR probe and an effect
of the spinning speed on temperature-increase were carefully calibrated using
Pb(NOj3)s. The uncertainty of the temperature measurement after the calibra-
tion was 4 K, and the temperature fluctuation during the accumulation was
within 1 K [12]. The NMR shifts were measured from TMS using methanol-d4
(*H) and hexamethylbenzene (**C) as the second reference.

2.8 FElectronic structure calculations

Density functional theory (DFT) calculations were performed at the level of
UB3LYP/LanL.2DZ using Gaussian98 program package [31]. We used [Cuy(pz)2Cly]*~
as a molecular model of 1 because DF'T calculations of one-dimensional poly-
meric complex is difficult. In the model molecule, copper atoms are bridged
by two pyrazolate ligands and each copper ion is coordinated by two chlorine
atoms. As a model of 2, [Cuy(pz)2(NO3)(H20)(phen),]™ itself was used. The
geometrical parameters were taken from their crystal structures.



3 Results and discussion
3.1 Spin densities of polynuclear copper(Ill) complex [Cu(pz)a],

Figure 1(a) and 1(b) show ?H and *C MAS NMR spectra of 1-dg at 276 K,
respectively. Two peaks were observed both in 2H NMR spectrum (A and B in
Fig. 1(a)) and in "*C NMR spectrum (C and D in Fig. 1(b)). These peaks were
assigned to nuclei of the pyrazolate ligand as shown in Fig. 1. This assignment
was based on the relative intensity of the NMR signals including spinning
sidebands (data not shown). High frequency shifts were observed for the four
NMR signals, indicating positive HFCCs of these nuclei. Since paramagnetic
shift dpara is proportional to the magnetic susceptibility y,

Ax - x

5180:5ara+5ia:—+5ia7 1
pora - 0in = 0 amgB O @

the HFCC (Ay in hertz) can be determined from the temperature dependence
of the isotropic shift d;;, with the help of the magnetic susceptibility. In Eq.
1, Ny is the Avogadro constant, vy is gyromagnetic ratio of the nucleus, g
is the isotropic g value of the complex, § is the Bohr magneton, and dg;, is
the temperature-independent chemical shift [32]. Temperature dependences
of ?H and *C NMR spectra of 1-dg are summarized in Fig. 2(a) and 2(b).
The NMR signals were shifted to higher frequencies with decreasing tempera-
ture. Magnetic susceptibility of 1 was interpreted in terms of one-dimensional
antiferromagnetic Heisenberg model [33]:

B Nag?3? 0.250 + 0.149952 ! + 0.300942 2 2)
- kT 1+ 1.9862~1 + 0.6885422 + 6.06262 3

where x = kT'/|J|. The magnetic-exchange coupling constant, —2.J and the ¢
value of 1 are reported as 162 cm™' and 2.13, respectively [23]. Because the
paramagnetic shift is proportional to the magnetic susceptibility, the observed
H-NMR isotropic shifts of 1-dg were plotted as a function of the magnetic
susceptibility of 1 (Figure 3). From the slope of the line, we determined the
HFCCs of deuteron in the use of Eq. 1 as listed in Table 1. The HFCCs of
carbon were also deduced in the same manner. Here we mention the observed
HFCCs (Ay) is composed of the Fermi contact (Apermi) and the pseudo contact
(Apseudo) terms [32]

AN = AFerrni + Apseudo (3>
1w gﬁ g1\ 1 2
Apseudo - g%g <? - ? ﬁ (3 cos” 6 — 1) (4)



(a) H A HuB
LCey
B HA‘C\D C/D'HA
WWMA‘J i
| | |
90 50 10 ppm
(b) C
D

| | | |
1000 800 600 400 ppm

(c) 11N I
III
IV,
| | | |
140 100 60 20ppm
(d)

I I ] |
750 350  -50  -450 ppm

Fig. 1. Solid-state high-resolution NMR spectra of deuterated complexes 1-dg and
2-dg: (a) 2H-NMR spectrum of 1-dg at 276 K, (b) ¥C-NMR spectrum of 1-dg at
276 K, (c) 2H-NMR spectrum of 2-dg at 190 K, (d) C-NMR spectrum of 2-dg
at 300 K. Additionally, alphabetical scheme for the hydrogen and carbon atoms of
pyrazolate ligand is described for Fig. 1(a) and 1(b).
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Fig. 2. Temperature dependence of the MAS NMR spectra: (a)?H-NMR spectra of
1-dg, (b)**C-NMR spectra of 1-dg, (c)*H-NMR, spectra of 2-dg.
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Fig. 3. A plot of the isotropic shifts as a function of magnetic susceptibility in
2H-NMR spectra of 1-dg: O, the shifts derived from peak B; O, the shifts derived
from peak A.

where r is the length of a vector r from the copper ion to the nucleus, @ is
the polar angles of the vector with respect to the principal axis of g-tensor.
However, values of the A, udo Were estimated to be less than 0.05 and 0.1
MHz for 2H and '3C NMR shifts of 1-dg, respectively, which shows the contri-
bution of Apseudo to the observed Ay is vanishingly low. Thus we can regard
the observed HFCCs as Fermi contact term Agemi. Then the s-electron spin
densities for H and C atoms of 1-dg were determined from Ay as

AFermi - PbAf (5)

where p° is the s-electron spin density of the atom and Ay is the value of
the HFCC when the s orbital is singly occupied (p° = 1). The experimental
s-electron spin densities and computed atomic spin densities p**°™ are also
listed in Table 1.

3.2 Magnetic interaction path of polynuclear copper(Il) complex [Cu(pz)af,

We found that the s-electron spin densities of carbon and hydrogen atoms in
pyrazolate are all positive values. Here we discuss the magnetic interaction
path of 1 on the basis of the NMR results with the help of molecular orbitals.
There are two candidates for the interaction pathway in terms of molecu-
lar orbital theory: m-electron system and o-electron system in the pyrazolate
anion. The 7m-electron system of the anion is a 6-electron 5-orbital system in-
cluding HOMO and LUMO of an imaginary isolated pyrazolate ligand. The



Table 1
HFCCs and electron spin densities in 1-dg and 2-dg.

NMR experiment DFT calculation
HFCC/MHz s-electron spin density HFCC/MHz atomic spin density

1-dg
+0.31 +0.001 +0.29 +0.001
B +0.39 +0.002 +0.24 +0.000
C +7.81 +0.003 +5.58 +0.006
D +5.30 +0.002 +9.79 —0.001
2-dg
I 40.32 +0.001
I +0.37 +0.002
111 +0.38 +0.002
v +0.44 +0.002
H1 +0.28 +0.001
H2 +0.37 +0.001
H3 +0.45 +0.001
H4 +0.45 +0.001
H5 +0.40 +0.001
H6 +0.42 +0.001

o-electron system of the anion is a 4-electron 2-orbital system mainly com-
posed of two lone electron-pair of the two nitrogen atoms. We obtained these
orbitals by extended Hiickel MO calculations on an isolated pyrazolate an-
ion and the qualitative character of these systems was not changed by higher
level of calculation. When the pyrazolate coordinates to paramagnetic metal
ions, electron spin densities is induced by delocalization and/or polarization
mechanisms and the spin density distribution of the ligand depends on which
mechanism is dominant. In the m-system, the s-electron spin densities of H
and C atoms in pyrazolate ligand are zero at the first approximation because
they are on the node of the m-orbitals. However, the s-electron spin density can
be finite on the constituent atoms due to spin polarization mechanism [34].
Spin polarization is that on any CH o-bond unpaired electron in 2p m-orbital
attracts the electron of the same spin of CH o-bonding electron pair. As a
result, the sign of s-electron spin density of a carbon atom is equal to that
of m-electron spin density, and the adjacent hydrogen atom has the opposite
sign to the unpaired m-electron. Therefore, CH o-bonding spin on the H site
is consequently opposite in sign to the s-electron spin on the C site if the 7-



spin polarization is dominant. On the other hand, in the o-system, s-orbitals
of H and C atoms have non-zero MO coefficients of the non-bonding orbitals
which are mainly localized on N atoms. Thus the signs of the s-electron spin
densities on the H and C sites become all positive when the N atoms have
positive spin densities. In experimental NMR data, the signs of s-electron spin
densities on the H and C sites of pyrazolate ligand were all positive. Therefore
the magnetic interaction path of 1 cannot be the m-system on the assump-
tion that the magnetic interaction path should dominate the local magnetic
structure of the ligand. Consequently, the path of 1 is the o-system in view of
the property of the og-orbitals. We obtained the HFCCs (Agem;i) and atomic
electron spin densities p**°™ of 1 using the DFT calculations. The calculated
values of Apem; were 0.29, 0.24, 5.58 and 9.79 MHz for the peak A, B, C and
D, respectively, and atomic spin densities were positive except for peak D.
This small negative value of p**°™ indicates that m-spin polarization occurs
slightly with the dominant o-delocalization mechanism. We concluded that
the dominant magnetic interaction path in 1 is the o-electron system of the
pyrazole ligand.

3.8 Spin densities and magnetic interaction path of binuclear copper(1l) com-

plex [Cuy (pz)2 (NOs)(Hy O)(phen)y [NOs

Figure 1(c) and 1(d) illustrate *H and *C MAS NMR spectra of 2-dg at 190
K and 300 K, respectively. As shown in Fig. 1(d), we could not observe a 3C
NMR signal of 2-dg under our experimental condition. A peak around 150
ppm is probably due to impurity or background. The reason is ascribable to
longer electron spin relaxation time 73, of 2-dg or heteronuclear dipole-dipole
interactions between protons in 1,10-phenanthroline ligand and carbon nuclei.
We observed four 2H NMR signals of I, II, 11T and IV as shown in Fig. 1(c).
Because [Cug(pz)2(NO3)(H2O)(phen)s]t has no symmetry element, complex
2-dg has six nonequivalent deuterium atoms in the two pyrazolate ligands.
One-to-one assignment of the four peaks to the six hydrogen of the pyrazolate
ligands could not be achieved. It is, however, obvious that all of the four signals
have positive HFCCs from their high frequency shifts as is observed for 1-dg.
The temperature dependence of 2H MAS NMR spectrum is shown in Fig.
2(c). All of the four peaks were shifted to higher frequencies with decreasing
temperature. Magnetic susceptibility of 2 was interpreted with singlet-triplet

model [27]
I A

where —2.J and g value of 2 are reported as 143 cm™! and 2.14, respectively
[27]. The four paramagnetic shifts in the 2H MAS NMR spectrum of 2-dg
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Fig. 4. Numbering scheme for the hydrogen atoms of 2.

were plotted as a function of the magnetic susceptibility, then the HFCCs and
electron spin densities in 2-dg were obtained in a similar manner to 1-dg. The
HFCCs and the spin densities are listed in Table 1. As were obtained for 1, the
pseudo contact term was evaluated for 2 using Eq. 4. Values of the Apgendo are
estimated to be less than 0.05 MHz for 2H shifts. As compared to the HFCCs
on Table 1, contribution of the Apgeudo to the obtained HFCCs is vanishingly
low again. Therefore the experimental HFCCs in 2-dg can be also thought of
as Fermi contact term. The HFCCs and atomic spin densities from the DFT
calculations in 2 were obtained as shown in Table 1, and the numbering scheme
for the hydrogen atoms is shown in Fig. 4. Here we compared the result of the
calculations with the experimental values in 2-dg to assign I, II, IIT and IV to
hydrogen atoms of the pyrazolate ligands. The one-to-one assignment could
not be also achieved. However, the experimental HFCC fell within 0.32-0.44
MHz and the calculated HFCC fell within 0.28-0.45 MHz. We concluded that
the HFCCs of the pyrazolate ligands are similar positive values to each other.

Electron spin densities on H sites in 2-dg as well as in 1-dg were all positive
values. As discussed in the magnetic interaction of 1, either o or 7 orbital of
pyrazolate ligand is the magnetic interaction path in the binuclear complex 2.
If m-orbitals are used, signs of the spin densities on H sites in 2-dg would not
be all the same. The signs deduced from the experiment on 2-dg correspond
with properties of the o-system. The magnetic interaction path of 2-dg is also
o-orbitals of pyrazolate ligands.

It should be noted that the HFCCs of 1-dg and 2-dg are almost the same val-
ues, which indicates that the spin density distribution are almost the same at
the pyrazolate ligands in the both compounds. Moreover, the —2.J values of the
these compounds are approximately the same though they are very different in
coordination geometry. Plass et al. [21] reported that their mono-imidazolate-
bridged binuclear copper(II) complexes [Cug(dien)s(L)](ClO4)3 (L:imizolate or
substituted imidazolates) have no simple magneto-structural correlation and
concluded that the magnetic interactions between the copper(II) ions is dom-
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inated by the o exchange pathway through the bridging imidazolate ligand.
However, it should be stressed that there s a magneto-structural correlation in
bis-pyrazolate-bridged copper(II) complex [27]. Matsushima et al. found that
square-planar and square-pyramidal complexes, which have the well-defined
da2_,2 orbital as the magnetic orbital, have larger —2J values than trigonal
bipyramidal complexes. The magnetic orbitals of the latter compounds are
so distorted from the d,2_,» orbital that the orbital-overlap integrals between
copper (II) centers and pyrazolate ligands decrease. The distorted tetrahedral
geometry around the copper atom in 1 also deviate the magnetic orbital from
the ideal d,2_,2 orbital. This is the reason why antiferromagnetic interaction
in 1 is as weak as in 2.

4 Conclusion

We investigated magnetic interaction paths for complex 1 and 2, which in-
clude heterocyclic ligand, by means of solid-state MAS NMR measurement.
We found the electron spin of S = 1/2 of Cu(Il) ion in 1 and 2 delocalize
over the pyrazolate ligand via o-orbitals. The experimental values of HFCCs
agreed with those calculated on the basis of DF'T. It is important that the ob-
served s-electron spin densities are all positive values in 1-dg and 2-dg. Taking
molecular orbitals of pyrazolate ligand into account, the NMR result cannot be
explained by m-spin polarization. We concluded that the magnetic interaction
paths of 1 and 2 are not m but o-electron system of the pyrazolate..
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