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ABSTRACT: Control of band filling or doping of molecular
(semi)conductors can be performed by substitutional insertion
of molecules with a similar shape but a different electron
count, with one more or one less electron. This strategy has
been explored here within the semiconducting, single-
component, radical gold dithiolene complex [AuOC4] bearing
para-butoxyphenyl substituents. Alloying with the correspond-
ing neutral nickel dithiolene complex [NiOC4] lacking one
electron afforded a complete isostructural series
[NiOC4]1−x[AuOC4]x, spanning the whole composition range from x = 0 to x = 1 by 0.1 increments, further characterized
by X-ray diffraction and EDX analyses. Magnetic susceptibility data confirm the antiferromagnetic interactions between
neighboring radical gold dithiolene complexes. The electrical conductivity increases exponentially with the x gold fraction, while
the activation energy remains constant in the more conducting, gold-rich samples. This behavior is tentatively assigned to the
tunneling barriers of variable width (with x) but of constant height, separating more conducting gold-rich segments. Comparison
of redox potentials for the 1e− oxidation and reduction of both [NiOC4] and [AuOC4] dithiolene complexes indicates that the
[NiOC4] nickel complex does not act as a dopant for the radical [AuOC4] complex.

■ INTRODUCTION

Organic conductors developed since the 1970s are most often
based on mixed-valence cation (or anion) radical salts,1

formulated as (D)2X or C(A)2, where D and A are the electron
donor or acceptor molecules, respectively, and X and C are the
counterions, with X = Cl−, Br−, I3

−, ClO4
−, PF6

−, ... and C = K+,
Cu+, NEt4

+, .... Other stoichiometries,2 eventually nonfrac-
tional,3 can be also found, but in most situations, the band
filling is fixed by this stoichiometry and can be modified only in
a few charge transfer salts such as TTF·TCNQ under pressure
application.4 This is all the more unfortunate since the
controlled modification of the band filling is a very important
tool to change the physical properties, particularly useful, for
example, in metallic oxides where the oxygen content can be
often varied in an extensive range. In organic conductors, such
modifications have been considered only in rare examples of
solid solutions incorporating two counterions of different
charges,5 as in cation radical salts with GaCl4

− and CoCl4
2−,6 or

with [Re6S6Cl8]
2− and [Re6S7Cl7]

3−.7 Similarly, anion radical
salts of DMDCNQI (DMDCQNI = dimethyldicyanoquinodii-
mine) were also prepared with mixtures of Li+ and Cu+ cations,
as the copper salt is known to incorporate a fraction of Cu2+

species.8 These few examples demonstrate that the modification
of the stoichiometry in such salts is not easily tolerated by the
crystal structures. In that respect, an alternative attractive
solution would consist in using neutral conducting materials,

also known as single-component conductors. Such conductors
are built out of neutral radical species and can be described in
the frame of the Mott−Hubbard theory.9 They are intrinsically
characterized by an intramolecular electronic delocalization
(expressed by a Hubbard on-site Coulomb repulsion parameter
U), and by large intermolecular interactions, i.e., large
resonance integrals β between the radicals, leading to large
band widths (W = 4β).10 The modulation of the band filling in
such systems, as the modulation of the physical properties, can
be envisioned if one is able to find nonradical, but neutral,
analogues for the preparation of solid solutions.
Related approaches have been reported for magnetic (but

insulating) systems, as, for example, the dilution of galvinoxyl11

or oxoverdazyl (TOV)12 radicals with their diamagnetic
precursors, hydrogalvinoxyl, or TOV-H. It is also described as
“isostructural doping” by Vaid et al., who cocrystallized two
slightly different radical species of complementary redox
potentials.13 Among single-component conductors, the iso-
structural series of tetrathiafulvalenedithiolate metal complexes
[M(tmdt)2], M = Ni, Pd, Pt, Cu, Au (Scheme 1a), discovered
in 2001,14 also offers a variety of electronic behaviors
depending on the nature of the central metal.15 While
[Ni(tmdt)2], with an even number of electrons, is a 3D
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metal down to 0.6 K, the copper analogue [Cu(tmdt)2]
combines this high conductivity with localized spin (S = 1/2) on
the central {CuS2} moiety, organized into 1D Heisenberg
chains.16 Solid solutions [Ni1−xCux(tmdt)2] were recently
investigated by Kobayashi et al. with 0 < x < 0.27, in the
search for a Kondo effect associated with interactions between
the π and d electrons.17 Only one composition (x = 0.11) was
investigated for its transport properties. The only other
example of alloying involving single-component conductors
was reported by Haddon et al. and concerns spiro-bis-
(phenalenyl)boron radicals (Scheme 1b), which organize into
conducting chains with σRT = 0.1 S cm−1.18 The beryllium
analogue is also neutral but possesses one valence electron less.
Doping the boron derivative with the beryllium analogue in
solid solutions formulated as [B1−x][Be]x thus would
correspond to a hole doping. They were prepared in a narrow
composition range, for 0.05 < x < 0.19, as the solubility and
crystal structure of the two compounds differ to a large extent,
but a 10-fold increase of conductivity was observed for x = 0.08,
while the activation energy falls by a factor of 5.
Another series of single-component conductors recently

highlighted by Lorcy et al. is based on neutral radical gold
dithiolene complexes but without a TTF backbone (Scheme
2a).19 Such neutral radical complexes formulated as [Au(dt)2]

•

are obtained from the 1e− oxidation of the AuIII, d8 [Au(dt)2]
1−

complexes,20 at variance with the corresponding neutral nickel
complexes, obtained by a 2e− oxidation of the NiII, d8

[Ni(dt)2]
2− complexes.21 Complexes such as [Au(bdt)2]

• or
[Au(F2pddt)2]

• (Scheme 2a) form 1D stacks with semi-
conducting behavior (σRT = 10−2−10−3 S cm−1),22 while
[Au(Et-thiazdt)2]

• organize into layers with a high room-
temperature conductivity and transition to a metallic state
under pressure (p > 1.3 GPa).23

It follows that solid solutions formulated as [Ni(dt)2]1−x[Au-
(dt)2]x, associating a radical gold dithiolene complex [Au(dt)2]

•

and its analogous nickel dithiolene complex [Ni(dt)2] lacking
one electron, could offer a very attractive playground to

evaluate the effect of alloying on the conducting and magnetic
properties of (single-component) molecular conductors. For
that purpose, it can be important (but not a stringent
requirement) that both gold and nickel complexes are
isostructural. It is not always the case. Indeed, we have recently
investigated different series of neutral gold and nickel dithiolene
complexes and found that, in the absence of any steric
hindrance, the gold complexes often associate into dimers
favoring the best overlap of the Singly Occupied Molecular
Orbital (SOMO), while the analogous nickel complexes with
the same substituents can adopt different face-to-face
organizations.24 Accordingly, we looked for pairs of isomor-
phous nickel and gold complexes and concentrated our efforts
on para-butoxyphenyl derivatives (Scheme 2b), originally
investigated with longer alkyl chains for their ability to form
discotic liquid crystalline phases25,26 or gels.27 With the shorter
n-butyl chains, both gold and nickel complexes, noted as
[AuOC4] and [NiOC4] in the following, were found to
recrystallize from organic solvents into isomorphous struc-
tures.28 We, therefore, prepared a complete series of solid
solutions noted as [NiOC4]1−x[AuOC4]x spanning the whole
composition range from x = 0 to x = 1 by 0.1 increments. The
evolution of the structural, magnetic, and conducting properties
will be analyzed within these series, demonstrating that the gold
complexes alone actually control the magnetic and transport
properties of the alloys, at variance with the anticipated doping
process. A rationale for this behavior, of interest for any such
doping strategy in molecular alloys, is given based on the
relative redox potentials of the components of the solid
solution.

■ RESULTS AND DISCUSSION
The solid solutions were prepared by recrystallization by slow
evaporation of MeOH/CH2Cl2 solutions in the defined molar
ratio. The alloys crystallize systematically as elongated black
crystals. In order to evaluate the actual composition in the
crystals, EDX analyses were conducted on the whole series
(Figure 1) showing that the crystal composition is essentially
the same than that in the starting mixture before crystallization,

Scheme 1. Reported Solid Solutions of Conducting, Neutral
Radical Species with Their Nonradical, Neutral Analogues,
within (a) Single-Component Conductors Derived from
Tetrathiafulvalene Dithiolates and (b) Spiro-
bis(phenalenyl)boron Radicals

Scheme 2. (a) Chemical Structures of Neutral Radical Gold
Dithiolene Complexes Used for the Preparation of Single-
Component Conductors. (b) Chemical Structure of the Gold
and Nickel Dithiolene Complexes Investigated Here with the
Composition of the Alloys
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thus indicating the absence of any preferential insertion. X-ray
data have been already reported for the two pure compounds
[NiOC4] and [AuOC4].

28

The two pure compounds are isostructural and crystallize in
the triclinic system, space group P1 ̅, with the metal complex in
a general position and two out of the four butyl chains
disordered on equally populated positions. The complexes
organize into columns (Figure 2), with the central M(S2C2)2

cores (M = Au, Ni) well separated from each other in the (bc)
plane by the p-butoxyphenyl groups. As shown in Figure 2b for
[AuOC4], the complexes stack into dimerized columns along
the a axis. Indeed, the intra- and interdimer plane-to-plane
distances amount to 3.63 and 4.10 Å, respectively. This
dimerization is at the origin of the singlet−triplet magnetic
behavior observed for the pure, radical gold complex
[AuOC4].

28

To complement the EDX analyses, full X-ray data collections
were performed on three solid solutions, namely, for x = 0.30,
0.50, and 0.70. They proved to be also isostructural with the
pure samples, with the central metal atom M refined as a
mixture (Ni)1−p(Au)p. The occupation parameter p converges

toward the nominal composition of the solutions, with indeed p
values of 0.276 (11), 0.505 (3), and 0.686 (3) for x = 0.30, 0.50,
and 0.70, respectively (Figure 1). The evolution of the unit cell
parameters within the series is given in Table S1 in the
Supporting Information. It shows an increase of the stacking
parameter (a) with the gold content xAu, with a concomitant
decrease of the b and c parameters, showing that the cell
expansion along a allows for a higher compacity in the (b,c)
plane. As a consequence, the unit cell volume is essentially
constant. These combined results indicate that the alloys have
kept the same composition as in solution and that the crystal
structures are also identical. They do not allow us, at this stage,
to evaluate the actual organization within the columns for each
x value, and the possible deviations from a perfectly random
stacking.
For this purpose, magnetic susceptibility data were collected

on polycrystalline samples of each alloy, and representative
examples are given in Figure 3. The paramagnetic susceptibility
finds its origin in the specific amount of gold complexes in a
given alloy and the intermolecular interactions between these
radical species.

In the pure gold complex [AuOC4] (x = 1), the susceptibility

had been well fitted with an alternated spin chain model with J

and αJ, J/k = −246(1) K (J = −171 cm−1) and α = 0.3,28 in

accordance with the strong dimerization within the chains

running along a (see Figure 2b). If we consider the alloys series,

one can assume that the gold complexes will be partitioned into
segments having various numbers of radicals. For low gold

content, the few paramagnetic species diluted in diamagnetic

nickel complexes will give rise to a major Curie-type

contribution, whereas, for much higher gold content, the

dimerization observed in pure [AuOC4], with the associated

singlet−triplet behavior, will dominate the magnetic response.

As a consequence, the susceptibility for the nine alloys and the

pure gold complex was fitted with one single simple model,

resulting in the sum of two contributions, Curie-type behavior

of isolated radical species and singlet−triplet contribution for

dimerized radical species, which is writen for a S = 1/2 species as

Figure 1. Crystal composition vs solution composition in the solid
solutions, determined from EDX (■) and single-crystal X-ray
diffraction (×).

Figure 2. (a) Projection view of the structure of [AuOC4] along the a
axis. (b) Detail of one dimerized chain running along a, viewed along
the long molecular dimension. The p-butoxyphenyl groups have been
removed for clarity.

Figure 3. Temperature dependence of the magnetic susceptibility of
[NiOC4]1−x[AuOC4]x alloys for selected x values.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b01059
Inorg. Chem. 2015, 54, 7454−7460

7456

http://dx.doi.org/10.1021/acs.inorgchem.5b01059


χ χ
β β

= + + −

+ −
−

⎜ ⎟

⎡
⎣
⎢⎢

⎡
⎣⎢

⎛
⎝

⎞
⎠
⎤
⎦⎥

⎤
⎦
⎥⎥

x y
Ng

kT
y

Ng
kT

J
kT

4
(1 )

3 exp

mol 0

2 2 2 2

1

In the formula, x represents the gold fraction in the
[NiOC4]1−x[AuOC4]x alloy, while y describes the distribution
of the radical spin in its two possible configurations (isolated or
paired). Note that the fits were performed by fixing the J/k
value at an approximate −250 K value, as determined on the
pure gold complex. As shown in Table 1, the Curie
contribution increases, as anticipated, with the dilution of the
gold complexes within the diamagnetic nickel matrix, but the
singlet−triplet contribution, predominant at high gold contents,
is still important in the more diluted samples.
The evolution of the spin susceptibility of such magnetic

alloys has been already evaluated by Awaga et al.11 In the
absence of any dimerization, the occurrence probability of a
chain segment containing n radical gold complexes within an
infinite chain partitioned into segments having various numbers
of radicals is given by

=
∑

= −f
x

x
x x(1 )n

n

n
n

(1)

where x is the radical concentration and the summation runs
from zero to infinity. Considering now that within gold-
containing segments, the radicals are paired into dimers, a
single radical should remain in the segments containing odd
numbers of radicals.29 This has been calculated using eq 1 as
follows

=
∑
∑

= −
+

+N
N

f

nf
x
x

1
1

n

n

Curie

total

2 1

(2)

where NCurie is the number of remnant radicals and Ntotal is the
total number of radical gold complexes in the alloys. Therefore,
this ratio only depends on the composition of the solid
solutions. We note in Table 2 a very good agreement between
these calculated values and those deduced from the analysis of
the magnetic susceptibility, demonstrating that (i) the
distribution of the gold complexes does not deviate significantly
from random mixing and (ii) they are indeed paired in ST
systems when they are immediate neighbors. We note a
deviation from the calculated Curie-type contribution for the
lowest gold contents (small x values in Table 1), which can

indicate a bias to random mixing and an enhanced tendency for
radical gold complexes to associate into pairs.
The evolution of the transport properties with the

composition is the second important point to be addressed
here. For that purpose, resistivity measurements were
performed on single crystals on the nine alloys and the two
pure compounds. Because of very high resistivity values, a two-
point DC technique was used for all samples and the resistance
of the pure nickel complex [NiOC4] was even too high (>2 ×
1012 Ω) to be properly determined. For the same reason, the
temperature evolution of the resistivity was only determined for
the most conducting gold-rich alloys, that is, for 0.6 ≤ x ≤ 1. As
shown in Figure 4, the room-temperature conductivity evolves

drastically (by 5 orders of magnitude) but regularly with the
alloy composition and exhibits an exponential increase with the
fraction of radical gold complexes.
On the other hand, the activation energy (Figure S1 in the

Supporting Information) remains essentially constant in the
different alloys, around 4200(±100) K, i.e., 0.362(±0.009) eV,
corresponding to a common gap of 0.724 eV. These
unexpected results (exponential σ evolution and constant
activation energy as a function of x) call for several comments.
First of all, the conductivity of the pure gold complex [AuOC4]
is rather low, 330 (GΩ cm)−1, indicating that the interaction
between the dimerized radicals within the chains is strong, as
already inferred from its magnetic behavior. The exponential
decrease of the resistivity with the gold content indicates that

Table 1. Evolution of the Relative Singlet−Triplet (ST) and Curie Contributions to the Magnetic Susceptibility of the Alloysa

x compound % ST: 100 × (1 − y) % Curie: 100 × y calcd % Curie

1 Pure [AuOC4] 99.3 0.7 0
0.9 [NiOC4]0.1[AuOC4]0.9 95.0 5.0 5.2
0.8 [NiOC4]0.2[AuOC4]0.8 86.4 13.6 11.0
0.7 [NiOC4]0.3[AuOC4]0.7 80.3 19.7 17.6
0.6 [NiOC4]0.4[AuOC4]0.6 76.0 24.0 25.0
0.5 [NiOC4]0.5[AuOC4]0.5 67.4 32.6 33.3
0.4 [NiOC4]0.6[AuOC4]0.4 57.6 42.4 42.8
0.3 [NiOC4]0.7[AuOC4]0.3 52.7 47.3 53.8
0.2 [NiOC4]0.8[AuOC4]0.2 44.0 56.0 66.7
0.1 [NiOC4]0.9[AuOC4]0.1 31.0 69.0 81.8
0 Pure [NiOC4]

aThe calculated Curie percentage corresponds to the NCurie/Ntotal value in eq 2.

Figure 4. Evolution of the room-temperature conductivity of the
[NiOC4]1−x[AuOC4]x solid solutions with the gold content (x). Each
symbol corresponds to one measured sample, and the indicated error
bars are associated with one sample.
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we are not in the presence of a simple doping of a band
semiconductor, as initially anticipated. Indeed, if it was the case,
the density of carriers would be linearly correlated with x, with
a carrier mobility essentially independent of x. This would give
rise to a linear relationship between x and ρ, as expected in
standard doped semiconductors. Another possibility could be
the observation of a percolation threshold associated with more
conducting gold segments within insulating nickel complexes.
Such a mechanism is found, for example, in composites made of
carbon black particles30 or conducting nanotubes31 embedded
in an insulating polymer matrix. They are characterized by an
essentially constant conductivity above the percolation thresh-
old, not observed here. Therefore, a standard percolation
mechanism must be excluded too. Thus, the exponential
dependence of the conductivity in a broad range of x can
suggest a tunneling process between gold complexes segments.
Such a mechanism has been already considered in conductor/
insulator composites for small D/ξ ratios, where D is the size of
the conducting particles and ξ is the tunneling length.32 The
conductivity then depends exponentially on the D/ξ ratio and
on the inverse of the conducting fraction x of the sample. More
specifically here, tunneling between the gold complexes
segments may occur along the chains or perpendicular to
them. Along the chains, the tunneling length is proportional to
x. Since the chains are decoupled, the transverse tunneling
length can be much smaller, which leads to a value of ξ of few
transverse lattice parameters nearly independent of x. Such a
simple model does not explain precisely the conductivity
evolution with x but may capture the main ingredients of the
conduction in the alloys. Besides, the almost temperature-
independent activation energy can correspond either to the
height of the tunnel barrier (half the gap) of the nickel
segments or (half the gap) of the gold segments. The gap (≈
0.72 eV) corresponding to an experimental value of the
activation energy of 0.36 eV is too small to be associated here
with the strongly insulating nickel complex alone. It follows that
it is most probably inherent to the gold complexes. In other
words, the evolution of the resistivity with the gold content is
not related to a doping process but rather to the interactions
within and between the gold segments, the nickel complexes
playing only a role of stoppers within the crystals.
This behavior can be tentatively rationalized if one compares

the actual redox potentials of the nickel and gold dithiolene
complexes that would be associated with the potential doping/
transport processes. As illustrated in Figure 5, the neutral nickel

complex can reversibly reduce to the radical anion below −0.1
V, whereas it can oxidize to the cation radical state above
+0.877 V. Similarly, the same reduction and oxidation
potentials for the gold complex were found at +0.25 and
+0.75 V, respectively.28

If the Ni complex is considered as a n-dopant for the gold
complex matrix, this would be associated with the equilibrium
shown in eq 3, with [NiOC4] giving one electron to the gold
complex to form the [AuOC4]

− species, involving the redox
processes at Eox[NiOC4] and Ered[AuOC4]. Similarly, if it acts
as a p-dopant, this corresponds to eq 4, involving Ered[NiOC4]
and Eox[AuOC4]. Besides, one should also consider the
possible disproportionation processes which can affect either
the nickel (eq 5) or the gold complex alone (eq 6) and provide
routes for charge generation in the pure compounds.

+ ⇆ ++ −NiOC AuOC NiOC AuOC[ ] [ ] [ ] [ ]4 4 4 4 (3)

+ ⇆ +− +NiOC AuOC NiOC AuOC[ ] [ ] [ ] [ ]4 4 4 4 (4)

+ ⇆ ++ −NiOC NiOC NiOC NiOC[ ] [ ] [ ] [ ]4 4 4 4 (5)

+ ⇆ ++ −AuOC AuOC AuOC AuOC[ ] [ ] [ ] [ ]4 4 4 4 (6)

Each of these equilibriums is, in a first approach, controlled
by the difference of redox potentials of the involved processes.
As shown in Figure 4, it appears that the disproportionation
process of the gold complex (eq 6, Eox[AuOC4] −
Ered[AuOC4] = 0.75−0.25 = 0.5 V) is associated with the
smallest potential difference and is, therefore, the most
favorable one to support a charge transfer. This observation
reinforces the conclusions drawn from the analysis of the
transport properties, which indeed indicate that the con-
ductivity is only controlled by the tunneling barrier taking place
between the gold segments.

■ CONCLUSION
Doping strategies on molecular conductors are most easily
performed within neutral, single-component radical systems
since one avoids the introduction of counterions in the
structures. A complete set of solid solutions was accordingly
obtained by recrystallization of the mixture of both open-shell
(the gold complex) and closed-shell (the nickel complex)
components. While the magnetic susceptibility of the alloys is
well correlated with their composition, the resistivity exhibits an
exponential evolution attributable to tunneling between more
conducting gold segments. It appears that the introduction of
closed-shell analogues as n- or p-dopants, as reported here with
[NiOC4] or earlier in spiro-bis(phenalenyl)boron radicals with
the beryllium analogue,18 should also consider the adequacy of
redox potentials of both partners. For example, potential
doping of the radical gold complex [AuOC4] with a neutral
nickel complex should be possible if the oxidation potential of
the latter can be moved in-between the two Ered[AuOC4] and
Eox[AuOC4] potential values. Investigations along these lines
are ongoing.

■ EXPERIMENTAL SECTION
Syntheses. The neutral [AuOC4] and [NiOC4] complexes were

prepared as previously described.28 The [NiOC4]1−x[AuOC4]x solid
solutions (0.093 mmol) were prepared from the two pure compounds
(see Table 2) by dissolution in dichloromethane (5 mL) with the help
of an ultrasonic bath for 5 min. Addition of methanol (5 mL) induces
a precipitation. Extra dichloromethane was added to the stirred
suspension until total dissolution of the precipitate. Elongated black
crystals were obtained by slow concentration of the solution by
evaporation, and filtration. Chemical analyses were performed using a
JEOL 6400-JSM scanning electron microscope equipped with an
Oxford Link Isis energy-dispersive X-ray spectroscopic (SEM−EDX).
For each molecular alloy, three crystals were fixed on the sample

Figure 5. Compared redox potentials of [NiOC4] and [AuOC4].
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holder and three EDX quantifications were performed on each crystal
at different places. The composition of the solid solutions was deduced
from the analysis of the Au-Lα (9712 Kev) and Ni-Kα (7471 keV)
peaks, as detailed in Table 2. The Au-M (2120 keV) peak was not used
as it overlaps with the S-Kα (2307 keV) one.

X-ray Crystallography. Full X-ray data collections and refine-
ments were performed on three [NiOC4]1−x[AuOC4]x solid solutions,
namely, for x = 0.30, 0.50, and 0.70. Details of the structural analyses
are summarized in Table 3. X-ray crystal structure collections were
performed on an APEXII Bruker-AXS diffractometer equipped with a
CCD camera and a graphite-monochromated Mo−Kα radiation
source (λ = 0.71073 Å), from the CDIFX (Rennes, France).
Absorption corrections were performed with SADABS. Structures
were solved by direct methods using the SIR97 program33 and then
refined with full-matrix least-squares methods based on F2 (SHELXL-
97)34 with the aid of the WINGX program.35 All non-hydrogen atoms
were refined with anisotropic atomic displacement parameters. H
atoms were finally included in their calculated positions. Note that, in

some crystals of the x = 0.3 alloy, a superstructure was identified with a
doubling of a and c unit cell parameters, leading to the identification of
four crystallographically independent Au/Ni complexes within the
stacks. The only differences between them are the conformation of the
butyl chains while the refined y occupation parameter (see text) is very
close to 0.30 in all four crystallographically independent complexes,
actually 0.2759(11), 0.2778(11), 0.2726(11), and 0.2761(11),
indicating an absence of any Au/Ni ordering within or between the
chains.

Magnetic Measurements. The magnetic susceptibility measure-
ments were obtained with the use of a Quantum Design SQUID
magnetometer MPMSXL on 10−30 mg of powdered
[NiOC4]1−x[AuOC4]x alloys inserted inside a SQUID gelatin capsule
(sample size: 5 × 5 × 7 mm) in a 2−300 K temperature range at 5000
G. The magnetization data were corrected for the sample holder
contributions. The susceptibility was calculated taking into account the
molar weight of each alloy with MWx = (1−x)MW[NiOC4] +
xMW[AuOC4], with MW[NiOC4] = 831.81 g cm−3 mol−1 and MW[AuOC4]
= 970.11 g cm−3 mol−1.

Resistivity Measurements. The resistivity measurements were
performed along the long axis of the needles (a crystallographic axis).
Gold pads were first evaporated on the surface of the crystals in order
to improve the quality of the contacts, and gold wires (17 μm in
diameter) were attached to these pads with silver paint. Because of
very high resistivity values, two-probe DC measurements were
performed under vacuum, applying a constant voltage in the range
of 1−50 V and measuring the current using a Keithley 6487
Picoammeter/Voltage Source. Variable temperature has been provided
by a homemade cryostat equipped with a 4K pulse-tube, using a
cernox in good thermal contact with the samples as thermometer.

■ ASSOCIATED CONTENT

*S Supporting Information
Table S1 with unit cell parameters for the alloys, Figure S1 with
temperature dependence of the resistivity of gold-rich solid
solutions. Crystallographic information files (CIF) files for the
single-crystal X-ray diffraction experiments. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acs.inorgchem.5b01059. Crystallo-

Table 2. Quantities of Neutral [AuOC4] and [NiOC4]
Complexes Used for the Co-crystallization Experiments of
the [NiOC4]1−x[AuOC4]x Alloys, Corresponding Gold
Complex Fraction in Solution (xsol.) and in the Crystals, As
Determined by SEM-EDX (xEDX)

[AuOC4] (mg) [NiOC4] (mg) xsol. xEDX

0.0 77.2 0.0 0.0
9.0 69.5 0.10 0.10 (3)
18.0 61.7 0.20 0.21 (3)
27.0 54.0 0.30 0.29 (7)
36.0 46.3 0.40 0.41 (2)
45.0 38.6 0.50 0.51 (3)
54.0 30.9 0.60 0.62 (1)
63.0 23.1 0.70 0.69 (2)
72.0 15.4 0.80 0.79 (2)
81.0 7.7 0.90 0.90 (1)
90.0 0.0 1.0 1.0

Table 3. Crystallographic Data

[AuOC4]0.3[NiOC4]0.7 [AuOC4]0.5[NiOC4]0.5 [AuOC4]0.7[NiOC4]0.3

formula C44H52Au0.30Ni0.70O4S4 C44H52Au0.50Ni0.50O4S4 C44H52Au0.69Ni0.31O4S4
fw (g mol−1) 872.59 900.93 926.69
system triclinic triclinic triclinic
space group P1̅ P1̅ P1̅
a (Å) 9.2160(7) 9.3148(14) 9.3119(3)
b (Å) 13.9280(11) 13.918(2) 13.8821(5)
c (Å) 18.5420(15) 18.489(3) 18.4260(6)
α (deg) 105.593(3) 105.319(5) 105.1490(10)
β (deg) 98.297(3) 99.699(6) 99.557(2)
γ (deg) 108.207(3) 107.845(6) 107.7420(10)
V (Å3) 2108.8(3) 2117.8(6) 2110.15(12)
T (K) 150(2) 150(2) 150(2)
Z 2 2 2
Dcalc (g·cm

−1) 1.374 1.413 1.458
μ (mm−1) 1.592 2.203 2.774
total reflns 31 553 33 119 21 895
abs corr multiscan multiscan multiscan
uniq reflns (Rint) 9347 (0.0460) 9424 (0.0712) 9645 (0.0363)
uniq reflns (I > 2σ(I)) 7288 6771 7742
R1 0.0806 0.0600 0.0433
wR2 (all data) 0.2446 0.1846 0.1435
GOF 1.071 1.086 1.140
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graphic information files are also available from the Cambridge
Crystallographic Data Center (CCDC) upon request (http://
www.ccdc.cam.ac.uk CCDC deposition numbers 1062003−
1062005).
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