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Magnetic Interactions through Short Hydrogen
Bond in Hydrogen-Bonded Basic Copper (II) Salt;
Cu;Na(D30,)(SOq)2

SADAMU TAKEDA?, ATSUSHI WATANABE®,
GORO MARUTA?® and TAKASUKE MATSUO®

2 Division of Chemistry, Graduate School of Science, Hokkaido University,
Sapporo 060 0810, Japan,
b Department of Chemistry, Faculty of Engineering, Gunma University, Kiryu,
Gunma 376-8515, Japan and
¢Department of Chemistry, Graduate School of Science, Osaka University,
Toyonaka, Osaka 560-0043, Japan

Magnetic interactions through short hydrogen bond of Cu(I)-O--D--Q-Cu(Il) of
Natrochalcite-type compound Cu,Na(D;0,)(SO.), were studied by solid-state
high-resolution deuterium NMR and magnetic susceptibility measurements. A
positive Weiss temperature of + 9.9 K suggests a ferromagnetic interaction in a
Cu(II) chain in which Cu(Il) ions are linked by hydroxyl ions. Hyperfine
coupling constant of deuterium in the hydrogen bond of Ro...o= 2.440 A was
determined to be —1.1 MHz from temperature dependence of isotropic shift of a
magic angle spinning deuterium NMR spectrum. Minus sign of the hyperfine-
coupling constant indicates that negative spin is induced on the deuterium in the
hydrogen bond by Cu(ll) ions in both side of the O-D--O hydrogen bond. This
result implies that the hydrogen bonds between the Cu(Il) chains mediate a
weak ferromagnetic interaction to form a two-dimensional ferromagnetically
coupled Cu(II) layer. The copper layers are antiferromagnetically coupled
through sodium and sulfate ions to undergo an antiferromagnetic phase
transition at 3.3 K.

Keywords: hydrogen-bonded Cu(II) layer, magnetic interactions, magnetic
phase transition, hyperfine coupling, solid-state high-resolution deuterium NMR

INTRODUCTION

The hydrogen-bond network controls molecular assembly in the solid state. This
443
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point has been utilized to construct novel molecule-based ferromagnets and it
has been found that magnetic interaction through hydrogen bonding played an
important role for mediating the intermolecular ferromagnetic interaction . The
magnetic interaction in the metal complex systems through hydrogen bonding
has been suggested by measurements of magnetic susceptibility for binuclear
complex . In this paper, hyperfine-coupling constant of deuterium atom in the
Cu(I1)-O--D--O-Cu(II) hydrogen bond was directly observed for elucidating the
magnetic interaction through hydrogen bond network in the metal complex
systems.

Natrochalcite-type compound Cu,Na(H;0,)(SO.),, which exhibits
hydrogen bond network, is a good candidate, since all of the hydrogen bonds are
crystallographically equivalent. In this compound, Cu(Il) ions are linked by
hydroxyl oxygen atoms to form infinite linear chains with Cu-Cu distance of
3.094 A. The linear chains are connected by short O--H:-O hydrogen bonds to
form two-dimensional layers of Cu(II) ions as depicted in Fig. 1. The hydrogen
bond distance is 2.440 A P1. Layers are linked by SO,* and Na" ions, which are

not shown in this figure for simplicity.

FIGURE 1 Layer structure of hydrogen bonded Cu(II) layer of
Natrochalcite-type compound Cu;Na(H;0,)(SO,),. Cations of SO,** and
Na" are not depicted for simplicity.

METHOD AND EXPERIMENT
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Paramagnetic NMR shift of deuterium in hydrogen bond must be an excellent
probe for elucidating the local magnetic interaction through hydrogen bond.
Magic angle spinning technique (MAS) averages the quadrupole interaction of
deuteron and the dipole interaction between deuteron and electron spins to
provide an isotropic shift of the D-NMR absorption line. The observed isotropic
shift in ppm consists of the Fermi contact term, the pseudo contact (dipole) term

and the temperature independent diamagnetic term as follows,

0o = Opermi + 6 +0 4 M

Pscudo

My AD
O. . +6 = SIS +1)-F J,T. 2
Fermi Pseudo 3 kBT 5 /2 ( ) ( ) ( )

The coefficient Ap, is the hyperfine-coupling constant of the nucleus D in Hz ¥,
which consists of Fermi and pseudo contact terms. Since the anisotropy of the
g-tensor is not large for copper complexes, the contribution of the pseudo
contact to Ap is small ¥, Function F(J, I) represents a term of exchange
interaction among Cu(II) ions.

Deuterated compound Cu;Na(D3;0,)(S0,), was precipitated from heavy
water solution of Na,SO4 and CuSO, in a molar ratio 1:4 at 343 K. Powder X-
ray diffraction pattern of the sample is in excellent agreement with the reported
structure 1

A D-MAS NMR spectrum was measured by a similar method described in
ref. 1 at a resonance frequency of 46.1 MHz and at a magic angle spinning speed
of 8 ~10 kHz with a Bruker DSX300 spectrometer between 194K and 300K.
The thermometer of the MAS probe and an effect of spinning speed were
carefully calibrated ). Uncertainty of the temperature measurement after the
calibration was 4K. All D-NMR shifts were measured from the external second
reference of CD;OH (3.35 ppm). Direct current magnetic susceptibility was
measured with a SQUID magnetometer (MPMS 5) at the external magnetic
field of 1 T.

RESULTS AND DISCUSSION
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A plot of 4T as a function of temperature shown in Fig. 2 (a) and Weiss

temperature of + 9.9 K obtained from a linear plot of 3™ as a function of

temperature above 100 K showed predominance of ferromagnetic interaction in

the high temperature region. However, this material undergoes

antiferromagnetic phase transition at 3.3 K as indicated by a cusp of magnetic

susceptibility shown in Fig. 2 (b).
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FIGURE 2 Magnetic susceptibility of Cu;Na(D30,)(SOy),. Value of s
is taken for one mole of Cu(Il) ion. (a) a7 as a function of temperature.
(b) 1 as a function of temperature near magnetic phase transition.

The solid state high-resolution deuterium NMR spectrum of this compound

at 300 K is shown in Fig. 3. Many spinning side bands appeared over *3000

ppm (£ 140 kHz) and two kinds of deuterium atoms were distinguished as

indicated by solid and broken lines showing envelops of overlapped two powder

spectra. Nuclear quadrupole interaction of deuterium atom and anisotropic

dipole interactions between deuterium and electron spins determine the powder

spectral line shape. The integrated intensity ratio is almost 1 : 2 for solid and

broken curves. Spectrum shown by the solid curve is the signal of the deuterium

in the hydrogen bond and the broken curve corresponds to two other deuterium

atoms, which do not participate in the hydrogen bond as shown in the insert of

Fig. 3. The assignment described above is rational, since the quadrupole

coupling constant is smaller and asymmetric parameter of the quadrupole
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FIGURE 3 Magic angle spinning deuterium NMR of polycrystals of
CusNa(D302)(SO4),. Insert is a schematic view of different two deuterium
atoms around hydrogen bond.

interaction is larger for the very short hydrogen bond than hydroxyl deuterium
without hydrogen bond /. The isotropic shifts were distinguished from spinning
side bands by using different spinning speeds as usual. Two isotropic shifts at
300 K are depicted in Fig. 4 (a). Lower field peak at -158 ppm is hydrogen-
bonded deuterium. Magnitude and sign of the hyperfine-coupling constant of the
hydrogen-bonded deuterium were simultaneously determined to be 1.1 MHz
from a linear slope of the peak position as a function of inverse temperature
shown in Fig. 4 (b). It is concluded that exchange interaction J is so small as not
to be precisely determined by the temperature variation of the shift measured
above 194 K. Therefore, the function F(J.7) in Eq. 2 is almost temperature
independent and equals unity. Since anisotropy of the g-value of the Cu(lI) ion
is small, the observed hyperfine-coupling constant is almost proportional to the
electron spin density induced by copper ions on the hydrogen-bonded deuterium.
Thus, the electron spin on the deuterium in the hydrogen bond has opposite sign
compared with the electron spin of Cu(II) ions in both side of O--D--O hydrogen
bond as schematically shown in Fig. 4. Electron spin density waves generated by
Cu(1II) ions in both side of the hydrogen bond coincide in phase at the position of
deuterium atom in the hydrogen bond. This result implies that the hydrogen
bonds mediate the ferromagnetic interaction between the copper chains,
although in this case the exchange interaction is small.

This study demonstrated that high-speed magic angle spinning deuterium
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NMR is a powerful technique to elucidate the local magnetic interactions in

metal complexes.
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FIGURE 4 (a) Isotropic shift of the magic angle spinning deuterium
NMR of polycrystals of Cu,Na(D30,)(SOs); at 300 K. (b) Temperature
variation of two isotropic shift (A) -O--D--O- and (B) -O-D.
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