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X-band single-crystal electron paramagnetic resonance (EPR) studies of the molecular alloy
[NO,BzPy][Auy 57Nij 43(mnt),] are presented in this paper. At room temperature, EPR spectra show both intense
resonance signals (main signals) and weak satellite quartet lines. The characteristics of both intense and weak
EPR signals depend on the magnetic field orientation. The main signals arise from two magnetically
nonequivalent [Ni(mnt),]~ anions, and their corresponding principal values of the g tensor are (g,'); = 2.04653,
(gy)1 = 2.00096, and (g."); = 2.15319 and (g\'), = 2.04520, (g,")> = 1.99734, and (g.')» = 2.15361, respectively.
The weak satellite lines, whose patterns strongly depend on the magnetic field direction, can be attributed to
the hyperfine coupling of the electron spin with the '’ Au nucleus of the [Au(mnt),]~ species. Density function-
al theory calculations for the spin and charge distributions of the dimer {[Ni(mnt),]J[Au(mnt),]}>~ indicate
that the hyperfine interaction of the electron spin with the '’ Au nuclear spins is caused, in part, by the charge

transfer between the [Ni(mnt),]™ and the [Au(mnt),]~ species.

Introduction

Spin bistable molecular systems have recently attracted
considerable attention because of their potential use in spintronic
devices such as molecular switches, data storage units, and
displays.!~7 This rapidly emerging field includes the develop-
ment of new spin transition systems'-? as well as the transition
metal spin-crossover compounds. For example, a molecular
system exhibiting a spin transition can be triggered by charge
transfer between different magnetic centers,®~!2 charge/valence
ordering in a mixed-valence compound,!3 or magneto-elastic
interactions in quasi-one-dimensional (1D) antiferromagnetically
coupled S = 1/2 Heisenberg or XY magnetic chains.'*

The molecular architectures of [M(mnt),]~ (mnt>~ = male-
onitriledithiolate; M = Ni, Pd, or Pt), with flat molecular and
extended electronic structures, are favorable for forming co-
lumnar stacks that behave as S = 1/2 magnetic chains. In our
previous studies, a series of quasi-1D spin systems based on
the compounds [RBzPy][Ni(mnt),] ([BzPy]™ = benzylpyri-
dinium derivative; R represents substituent group) have been
investigated, among which more than 20 compounds exhibited
a spin-Peierls type transition.!%1%15 By replacing the [Ni(mnt),]~
monoanion with the planar [Au(mnt),;]~ anion, we obtained the
diamagnetic compound [NO,BzPy][Au(mnt),], which is isos-
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(Abbr. as [NO,BzPy][Au,Ni; (mnt),])

tructural with [NO,BzPy][Ni(mnt),].'® The similar molecular
and crystal structure characteristics between [NO,BzPy][Au-
(mnt);] and [NO,BzPy][Ni(mnt),] indicated that these two
compounds are ideal for preparing solid solutions of [NO,Bz-
Py][Au,Ni;—(mnt),] (see Scheme 1). We further investigated
the effect of nonmagnetic [NO,BzPy][Au(mnt);] doping in the
lattice of [NO,BzPy][Ni(mnt),] on the spin-Peierls type transi-
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Figure 1. (a) Four anionic species related via symmetric operations
in a unit cell and (b) anionic stacks projected along the b-axis.

tion and found that the transition is suppressed by nonmagnetic
doping and collapsed at around x > 0.27, and in a heavier doped
system, x = 0.49, the spin gap vanishes and a gapless phase is
achieved  again.!'® The  magnetic  behavior  of
[NO,BzPy][Au,Ni;—,(mnt),] is very similar to the phenomena
observed in inorganic spin-Peierls transition systems such as
CuGO;'7 and TICuCl;.'8 However, the transition collapsed when

(@)

8 ——BIIX
——BIN
——BIZ
2 4
c
=
e j
=04
ex
—
5
£ 41 ( l[
5
-84
3000 3200 3400 3600 3800

Magnetic field, B(10™ T)

Ren et al.

x values were much higher than those found in the inorganic
spin-Peierls transition systems.

In this contribution, we present results of single-crystal
electron paramagnetic resonance (EPR) studies for the molecular
alloy [NO,BzPy][Aug s57Nip 43(mnt),], which provides appreciable
evidence of charge transfer from neighboring [Ni(mnt),]™ to
[Au(mnt),]~ species.

Experimental Section

Single-Crystal EPR Measurements. A crystal of [NO,BzPy]-
[Aug 57Nig43(mnt)>]'¢ with dimensions 2.5 x 0.5 x 0.1 mm?
was used for X-band EPR measurement at room temperature.
An experimental orthogonal system (x, y, z) was chosen; the
x-axis was along the longest edge of the crystal (corresponding
to the crystallographic c-axis), the y-axis was parallel to the
second longest edge of the crystal (corresponding to the
crystallographic b-axis), and the z-axis was then defined using
a right-handed coordinate system (see the Supporting Informa-
tion, Scheme S1). The magnetic field direction was fixed while
the crystal was allowed to rotate, and EPR spectra were recorded
at intervals of 5° on a Bruker EMX spectrometer at room
temperature.

UV—Vis-NIR Absorption Spectra. UV—vis-NIR absorption
spectra in the solid state (KBr disk) and acetonitrile solution
(the concentration C ~ 5.0 x 107> mol L™! for each sample)
were taken using a Cary 5000 UV —vis-NIR and a Lambda 35
UV/vis Spectrophotometer, respectively.

Details of Density Functional theory (DFT) Calculation.
All DFT calculations were carried out with the GAUSSIAN 98
program'® on the SGI 3800 workstation. The molecular structure
of the {[Au(mnt),][Ni(mnt),]}2~ dimer (nontruncated) was taken
directly from X-ray crystallography data at room temperature.
In our previous studies, the relationship between the magnetic
coupling interaction features and the [Ni(mnt),]~ anionic
stacking patterns has been investigated theoretically by DFT,
and those values obtained from calculations at the UBPW91/
LANL2DZ? level are in good agreement with the experimental
results.?! Therefore, the single-point energy calculations for the
{[Au(mnt),][Ni(mnt);]}>~ dimer in this contribution were
performed at the UBPW91/LANL2DZ level with convergence
criterion of SCF 1078,

Results and Discussion

The crystal structure and magnetic properties of [NO,BzPy]-
[Aug s7Nig43(mnt);] have been reported,'® so the essential

(b)

|-

.

3200 3400 3600 3800
Magnetic field, B(10°* T)

d(Int)/d(pB) (arbi. unit)

-8
3000

Figure 2. EPR spectra: (a) The magnetic fields are parallel to the experimental coordinate system x-, y-, and z-axes, respectively, from which main
and weak EPR signals can be observed, and (b) the magnetic field lying on the yz plane and making 45° angles with the z-axis (only the main EPR

signals are observed in this plot; for a detailed discussion, see the text).
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Figure 3. Angular variations of the resonance magnetic field (By) for
the alloy compound [NO,BzPy][Augs7Nig43(mnt);] (blue and red
symbols represent the EPR signals from two sets of magnetically
inequivalent sites, respectively).

findings are briefly summarized. At room temperature, this alloy
crystallizes in the monoclinic system, P2;/c space group. The
unit cell contains four identical [Augs7Nig43(mnt),]~ anions
related by the symmetry operations of the P2,/c space group
(Figure 1a). For simplicity’s sake, we use the symbol Ni(1) to
represent the species [Aug s7Nig43(mnt);]~ at the general position
(x, v, ) in a unit cell where Ni(1) is related to Ni(la) by a
2-fold rotation axis (which is parallel to the b-axis), while Ni(1b)
is related to Ni(1c); Ni(1) and Ni(1a) are related to Ni(1c) and
Ni(1b) by an inversion center, respectively. As shown in Figure
1b, the anions form stacks along the direction of the c-axis.
Within an anionic stack, the [Ni(mnt),]~ and [Au(mnt),]™ anions
could not be distinguished from the single-crystal structure
temperatures above 10 K;'® therefore, from the viewpoint of
structure, such anionic stacks should behave as a random spin-
chain system.

J. Phys. Chem. A, Vol. 112, No. 35, 2008 8011

TABLE 1: Spin-Hamiltonian Parameters for the Single
Crystal of [NOszPy][Au0_57Ni0_43(mnt)2]

the direction cosine of each
principal axis (x', y', and z")
with respect to the experimental

coordinate system (x, y, and z)

principal
values X y z

(&)1 2.04653 0.211660 0.976827 —0.0317557
(&)1 2.00096  —0.953085 0.213492 0.214952
(8 2.15319 0.216399 —0.0151547 0.976187
8" 2.06893
(&')2  2.04520 0.0882647 0.996086 0.00467472
(82 1.99734  —0.969946 0.0848783 0.228035
(&) 2.15361 0.226745 —0.0246616 0.973642

gt 2.06538
‘g = (&'t g + g3,

For the alloy compound [NO,BzPy][Aug s7Nip43(mnt),], the
X-band single-crystal EPR spectra at room temperature shows
intense resonance signals (main signals) from two magnetically
nonequivalent molecules together with weak satellite quartet
lines, and all of them are dependent on the magnetic field
orientation. The representative EPR spectrum is illustrated in
Figure 2. We begin by analyzing the intense EPR signals and
then give a detailed discussion about the origin of the weak
EPR signal. From the magnetic point of view, a unit cell can
be assumed to have two magnetically nonequivalent sites in
the P2i/c space group. The magnetically nonequivalent sites
are related by an inversion center making them indistinguishable
by EPR spectroscopy.??> As expected for the xz plane (corre-
sponding to the crystallographic ac) and along the crystal-
lographic b-axis, only one resonance line was observed, since
the sites are magnetically equivalent. Two lines were observed
for the xy (corresponding to the crystallographic bc plane) and
yz planes, which can be assigned to the anionic pairs
Ni(1)—Ni(1A) and Ni(1B)—Ni(1C), respectively (Figure 1a).
Although the difference between the g factors for the two
magnetically nonequivalent [Ni(mnt),]~ sites in those planes is
very small, the resolution of single-crystal EPR measurements
is good enough to distinguish both signals. Figure 3 shows the
angular variations of the resonance magnetic field By where the
applied magnetic field lies on the xy, xz, and yz planes,
respectively. A simple diagonalization procedure for the g tensor
matrix gave two sets of principal values of g, (g,'); = 2.04653,
(gy)1 = 2.00096, and (g;)1 = 2.15319 and (g\")> = 2.04520,
(gy)2=1.99734, and (g;')> = 2.15361, respectively, which are
close to other reported values for the [Ni(mnt),]™ species.?>2*
The direction cosines of the g tensor principal axes (x', y', z'),
with respect to three experimental axes (x, y, z), were obtained
for these two sets of nonequivalent magnetic centers and are
summarized in Table 1.

As shown in Figure 3, the weak EPR signals are strongly
dependent on the applied magnetic field direction: The EPR
signals are composed of a quartet of unequally spaced intense
lines flanked on each side as the applied magnetic field, B, is
parallel to the x-axis, and the four satellite lines on each flank
coalesce into two lines as the applied magnetic field is parallel
to the y- and z-axes, respectively; the weak satellite lines
disappear as B lies on the yz plane and makes a 45° angle with
the z-axis.

For the anionic [Ni(mnt),;]™ species, the hyperfine splitting
of EPR signal could be caused by the interactions between the
unpaired electron and the magnetic nuclei such as °'Ni (natural
abundance = 1.14% and I = 3/2), 33S (natural abundance =
0.74% and I = 3/2), '3C (natural abundance = 1.10% and I =
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Figure 4. (a) Temperature-dependent EPR spectra measured as the
magnetic fields being parallel to the experimental coordinate system
x-axis (two new satellite lines appear on each side of the main EPR
signal when the temperature is lower than 150 K; (b and c) enlarged
plots.

1/2), and N (natural abundance = 99.635% and I = 1).
However, hyperfine interactions between an unpaired electron
and the magnetic nuclei °'Ni, as well as 33S, are usually
irresolvable because of their small splitting and lower natural
abundance in [Ni(mnt),]~ species,?* and the hyperfine splitting
patterns for '3C and '“N do not agree with the experimental
spectra. Therefore, the possibility of the weak EPR signals
resulting from the [Ni(mnt),]~ species is ruled out. On the other
hand, the characteristic spectrum for the weak EPR signals (for
instance, the hyperfine splitting pattern is strongly dependent
on the applied magnetic field orientation) is very similar to the
EPR spectrum of [Au(mnt),]>~ species, which has been observed
in several magnetically dilute single crystals. So, such hyperfine
splitting arises from the unpaired electron spin interactions with
magnetic nuclear '7Au spins (natural abundance = 100% and
I1=13/2)>

For the [Au(mnt),]*~ anion, the electron spin is 1/2. If the
hyperfine coupling interaction between the unpaired electron

Ren et al.

spin and the '"7Au nuclear spin, as well as the quadrupole
moment interaction of the !°’Au nucleus, are taken into account,
then the spin Hamiltonian for such a system can be expressed
by eq 1.

H,,= p.SgB—g\fyBI+ SAI + IPI (1)

In eq 1, the first two terms stand for the Zeeman interactions of
the unpaired electron and '°’Au nucleus, respectively, the third
term represents the hyperfine interaction between the electron
spin and the '"7Au nucleus spins, and the last term stands for
the quadrupole interaction of the '’ Au nucleus. Because of the
fact that the '’ Au nucleus possesses a rather small magnetic
moment as compared to its large quadrupole moment, the
magnitude of the '’ Au hyperfine (the term SAI) and quadrupole
(the term IPI) interactions are compatible. This situation leads
to (i) a significant disturbance of the equidistance between the
“allowed” four '”7Au hyperfine lines and (ii) the occurrence of
up to eight “forbidden” hyperfine transitions with partially
remarkable intensities depending on the magnetic direction. As
a consequence, the [Au(mnt);]>~ species usually shows a
complicated EPR spectrum (for example, the spectrum has a
large temperature dependence of the g tensor, the isotropic
hyperfine coupling, and the quadrupole tensor as well as the
deviation of the principal axis system of the g tensor from that
of the quadrupole tensor and its temperature dependence).”> We
tried unsuccessfully to fit the spectrum and obtain the corre-
sponding spin-Hamiltonian parameters of the g tensor, A tensor,
and P tensor.

It was interesting to explore how the '’Au nucleus spins
affected the splitting of the EPR signal, spin polarization, and
charge transfer. To get an insightful understanding about this
issue, we performed both microwave power dependency (the
power was changed from 1.25 to 20 mW, and both receiver
gain and modulation amplitudes were kept the same values)
and variable temperature EPR spectroscopy measurements (in
the temperature range of 295—110 K). We found that the relative
intensity between weak and main EPR signals is independent
of the microwave power, whereas obvious increases occur with
a reduction in temperature, as demonstrated in Figure 4; two
new satellite lines appear on each flank of the main EPR signal.
This finding, regarding the link between the relative intensity
of the weak and the main EPR signals and its independence on
microwave power, excludes the mechanism that the weak signals
originate from the microwave-assisted electron hopping from
the [Ni(mnt),]~ anion to the [Au(mnt),]~ anion. On the other
hand, the conjugated oligomers and polymers are known to
transport charge via a thermally activated hopping type mech-
anism.?¢ If this kind of electron hopping mechanism occurs
within an anionic stack in the alloy complex, the intensity for
the weak EPR signals should decrease as the sample cools, while
the observation that the weak EPR signal intensity increases
with a reduction in temperature rules out the thermally activated
hopping type mechanism. Furthermore, we calculated the charge
and spin distributions for the dimer {[Ni(mnt),][Au(mnt),]}>~
using a DFT theoretical framework at the UBPW91/LanL.2DZ
level. As mentioned above, the asymmetric unit contains one
[Aug 57Nip43(mnt),]~ anion, which forms regular stacks along
the direction of c-axis. From the crystal structure, there is only
one kind of anionic dimer within an anionic stack; therefore,
the calculations for charge and spin distributions were performed
on the {[Ni(mnt),][Au(mnt),]}2~ dimer. The calculated spin and
charge distributions are demonstrated in Figure 5a,b, which
disclosed that there is small amount of charge transfer (CT)
from the [Ni(mnt);] species to the [Au(mnt),] species
([Ni(mnt),]~'*° and [Au(mnt),]~'7%; 6 = 0.04943 at room
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Figure 5. (a) Spin density distributions (the total a spin value is 0.01969 for the [Au(mnt),] species and 0.98031 for the [Ni(mnt),] species,
respectively) and (b) the charge density distributions for the dimer of {[Ni(mnt),][Au(mnt),]}?~ calculated by DFT at the UBPW91/LanL.2DZ level.
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Figure 6. UV—vis-NIR spectra in (a) solid state and (b) acetonitrile solution for [NO,BzPy][Au(mnt),], [NO,BzPy][Ni(mnt),], and

[NO2BzPy][Aug 57Nig 43(mnt)>].

temperature) through intermolecular sz-orbital overlap. Although
st—a type CT phenomena have been well-known,?” such as the
intermolecular charge transfer via st orbital interaction occurs
between both neutral 77 type electron donor and acceptor, 23
between neutral sz type electron donor and cationic 7 type
electron acceptor,? as well as between 7 type anion and cation,
30 to the best of our knowledge, it is rare that the charge transfer
occurs between two anionic species; larger spin density distribu-
tions are found on Ni atom (~0.231) and four S atoms (the
values range from 0.157 to 0.170) in the [Ni(mnt),]~ moiety,
indicating the existence of a strong delocalization effect from
the metal Ni atom to ligands, and the total spin population on
the [NiS4] core is calculated to be about 0.872, which is close
to the results in the literature; 23! a weak spin polarization effect
(the signs of spin densities of the neighboring atoms are
alternatively aligned) is observed in the mnt?>~ ligands of
[Ni(mnt),]~ species, which is consistent with the previous
results?! but not between [Ni(mnt),]~ and [Au(mnt),]~ species.
This may be a result of a charge transfer mechanism leading to
the hyperfine coupling interaction of the unpaired electron spin
with the '°7Au nuclear spin.

To get more evidence for intermolecular charge transfer, the
UV—vis-NIR spectra of pure [NO,BzPy][Au(mnt),] and [NO,Bz-
Py][Ni(mnt),] complexes, as well as the molecular alloy
complex [NO,BzPy][Aug 57Nig 43(mnt),] in solids and acetonitrile
solutions, were measured, and the plots are shown respectively
in Figure 6a,b. In solid-state UV —vis-NIR spectra, two parent

complexes [NO,BzPy][Au(mnt),] and [NO,BzPy][Ni(mnt),] do
not show obvious absorbance (see the area marked by a circle
in Figure 6a), while the alloy complex [NO;BzPy][Augs7-
Nig 43(mnt),] exhibits a weak and broad absorption band in the
range of 450—720 nm. This new absorbance probably originates
from the intermolecular charge transfer between the neighboring
[Ni(mnt),]~ and [Au(mnt);]~ anions. In a dilute acetonitrile
solution (the concentration C ~ 5 x 107> mol L™! for each
complex), with respect to the spectra of two parent complexes
[NO,BzPy][Au(mnt);] and [NO,BzPy][Ni(mnt),], no new vis-
ible absorption band is observed in the range of 450—720 nm.
This situation is understandable because the charge transfer
between neighboring species through s+ ++ s orbital interaction
is spatially dependent.?> The Coulomb repulsive interactions
between [Ni(mnt);]~ and [Au(mnt),]~ anions will cause them
to separate with each other in solution, and in this case, the
efficient overlap for s-orbitals between [Ni(mnt);]” and
[Au(mnt),]~ anions is unavailable, which might be the reason
for no obvious CT band for the alloy system in solution.

Conclusion

We performed the single-crystal EPR measurements for a
quasi-1D molecular alloy system, [NO;BzPy][Augs57Nig43-
(mnt),], from which two kinds of EPR signals were observed.
The main EPR signals without hyperfine splitting arise from a
spin present in the [Ni(mnt),]~ species, whereas the weak EPR
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signals with 4-fold unequally spaced hyperfine splitting lines
come from the hyperfine interaction between the unpaired
electron spin and the '’ Au nuclear spin. DFT calculations for
spin and charge distributions in a dimer of {[Ni(mnt),][Au-
(mnt),]}2~ showed that the hyperfine coupling interaction
mechanism between unpaired electron spin and ' Au nucleus
spins is caused by a small amount of intermolecular charge
transfer from the [Ni(mnt),]~ to the [Au(mnt),]” species.
Additionally, evidence for intermolecular charge transfer is
further given by the UV—vis-NIR spectra of [NO,BzPy][Au-
(mnt)z], [NOszPy][Ni(mnt)z], and [NOZBZPy][Au0v57Ni0,43—
(mnt),] in solid state; a new absorption band in the 450—720
nm region appears for [NO,BzPy][Aug 57Nig 43(mnt),] but does
not come into sight in the UV—vis-NIR spectra of
[NO,BzPy][Au(mnt),] and [NO,BzPy][Ni(mnt),].
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