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In this review, we describe solid solution strategies employed in molecular conductors, where the
control of their transport and magnetic properties (metallic or superconducting behavior, metal-insu-
lator transitions, etc.) is the main goal. We first describe the main features of molecular conductors in
order to identify which molecular entities are prone to be substituted by others in solid solutions, to
which extent and for what purpose. We then describe the different crystal growth techniques used
toward solid solution preparation and the nature of the molecular species, whether electroactive or
not, which have been used, in cation or anion radical salts, in charge transfer salts and in single
component conductors, in more than sixty reported examples. Topics such as preferential insertion
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Accepted 16th June 2021 these alloys are presented. The consequences of alloying on conductivity and on phase transitions
(superconductivity, anion ordering, Peierls transition, spin-Peierls transition), and the concepts of

chemical pressure effects, band filling manipulation, and n—d interactions with magnetic anions are
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1 Introduction

Engineering crystal properties through solid solutions offers an
opportunity to fine-tune the structural and physico-chemical
properties of molecular materials, with, in some cases, the
appearance of novel, unexpected behaviors. As stated by
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Lusi,' a plethora of terms has been used over the years to
define what we called indiscriminately solid solutions or alloys.
They can be defined as multi-component phases for which the
component ratios can be varied in continuum. They differ in
that respect from salts or co-crystals where the stoichiometry
defines the exact composition expressed by integer ratios (1:2,
1:3,1:2:1, etc.).” Solid solutions therefore have high potential
for tuning molecular properties in a smooth and controlled
way, over a broad range of compositions. Working with mole-
cular solid solutions also induces notable differences in well-
known inorganic alloys such as steel (Fe + C), brass (Zn + Cu),
and binary (Si,Ge;_,) and ternary (In,Ga, _,As) semiconductors
built out of atomic constituents which are held by strong
covalent bonds.® Interactions between molecules in molecular
solids are usually much weaker and the molecular entities
maintain their integrity in the solid. Note, however, that in
organic conductors, metallic bonding can play an important
role in controlling the overall solid-state arrangement. In the
following, we will restrict ourselves to crystalline, single-phase
materials and will not consider molecular amorphous blends as
used, for example, in molecular semiconductors,’ or crystals
grown on crystals through stepwise 3D epitaxial growth.”

The more general question of the effect of disorder in
molecular alloys has been addressed from a thermodynamic
point of view in relation with the effect of an increased entropy.’
Several entropic effects can be considered in molecular crystals:
configurational entropy, vibrational entropy and rotational
entropy. Configurational entropy can be found because of
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molecular disorder (one molecule or a part of a molecule
disordered at two or more sites), eventually associated with
temperature-dependent molecular motions and thermal expansion
behaviors.® In solid solutions of molecular compounds, the nature
of disorder (vs. clustering or spinodal decomposition) can play an
important role, as shown recently in CH;NH;Pbl;/CH;NH;PbBr;
alloys of hybrid halide perovskite semiconductors used for
photovoltaic applications.” Furthermore, in addition to static
substitutional disorder that arises from molecular substitution,
orientational disorder at a given site can also play a role,
with two isomorphous molecules or ions adopting different
orientations.® Another difficulty one can encounter is the situation
where co-crystallization of similar molecules does not, as pre-
viously believed, necessarily result in the formation of macroscopic
crystals with the same homogeneous distribution of components.’
This effect, observed in [M,M’;_,(bipy);](PFs). (M, M’ = Ni**, Fe**,
Ru™"; bipy: 2,2"-bipyridine) solid solutions, gives rise to crystals
from the same batch with the composition varying notably (by as
much as 15%) from the averaged composition. This effect described
as supramolecular selectivity is explained by molecular recognition
processes that lead to the partially selective aggregation of like
molecules. These illustrate how difficult the full characterization of
molecular solid solutions can be. For most reported examples
detailed below, many of these questions about the nature of the
disorder, the exact composition and structure of the crystals, and
their homogeneity, were never addressed, limiting to some extent
the conclusions that many authors draw on the correlation between
alloy composition and physical properties.

In molecular materials, solid solution strategies are used
extensively to control their different properties, such as magnetic,
luminescence, and catalytic properties. The molecular magnetism
community makes extensive use of alloying strategies. This is
particularly true in coordination complexes exhibiting spin cross-
over (SCO) behavior. Substitution of counterions (for example,
PFs~ vs. AsF ) or ligands or dilution of the magnetic center with
other cations can have very important consequences on the
cooperativity of the SCO and the eventual presence of structural
phase transitions.'>"* Another striking example involves the
modulation of the Single Molecule Magnet (SMM) properties of
pentadecanuclear cyanide-bridged clusters formulated as
{Fey_,Co,[W(CN)gls(MeOH),,}, where different Co/Fe metal
ratios favor either "Fe"W" « "SFe™W" charge transfer transition
or slow magnetic relaxation effects."> Luminescent species,
particularly those based on rare-earth complexes, offer another
playing field for alloying strategies. For example, lanthanide
complexes of the 5-methoxyisophthalate (mip®~) ligand, formu-
lated as [Lny(mip);(H,0)s-4H,0], are prepared with a mixture of
up to six different lanthanide ions (Nd**, Sm**, Eu*", Gd*", Tb*",
Dy’"). At a unique irradiation wavelength (ley = 325 nm), these
compounds exhibit almost 20 emission peaks in both the visible
and NIR regions at RT, an unprecedented richness of the emission
spectrum of great interest as far as luminescent barcodes are
concerned.' The chemistry of metal organic frameworks (MOFs)
also provides several examples of successful alloying strategies as
those reported (i) to tune catalytic properties through the In**/Ga*"
metal ion ratio,”” or (ii) to manipulate the mechanical and
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dynamical properties of formate-based perovskites in the
[NH3NH, ], _,[NH;0H],Zn(HCOO); series.'®

In this review, we will focus on solid solution strategies
employed in molecular conductors, where the control of the
transport properties (metallic or superconducting behavior,
metal-insulator transitions with associated magnetic properties)
is the main goal. To do so, it is important to first describe the
main features of molecular conductors in order to identify which
molecular entities are prone to be substituted by others in solid
solutions and for what purpose.

The term “molecular conductors” encompasses, in this review,
a broad range of crystalline materials built out of molecular
entities, be they of organic or of coordination chemistry origin,
able to generate charge carriers. Intermolecular interactions in the
solid state, most often of 1D or 2D nature, favor the formation
of bands, with a limited gap in semiconducting systems
(107*Sem™" < ogr < *1 S cem™ '), and a limited bandwidth
in gapless metallic systems (ogr > ~1 S cm™"). These character-
istics are the consequences of strong electronic correlations between
charge carriers,"” and offer a wide variety of ground states and phase
transitions, referred to as charge density waves (CDWs), spin
density waves (SDWs), Peierls transition, spin-Peierls (SP) tran-
sition, dimer-Mott (DM) insulating phase, Mott-insulator states,
charge-order (CO), superconductivity, etc.'® From a composition
point of view, we can distinguish three main different classes of
compounds, each of them amenable to different solid solution
strategies.

Charge-transfer salts are based on the association of two
different electroactive molecules: one is referred to as the electron
donor (D) and the other is referred to as the electron acceptor (A).
Upon co-crystallization from solution or co-sublimation, a D-A
co-crystal is formed and its electronic nature varies with the E'2
redox potentials of both D and A molecules.”® In solution,
electron transfer can normally occur if E..4(A) > E.\(D). Since
the formation of a crystalline solid favors ionic phases, electron
transfer in D-A co-crystals can be observed already if E.q(A) —
E,(D) > —(0.25-035) V. A partial degree of charge transfer,
0 < p < 1, is found in segregated structures with DDD and AAA
stacks, as in TTF"-TCNQ* (Scheme 1),>° where the Fermi level
crosses both the HOMO band of D and the LUMO band of A, at
the origin of the metallic character. Solid solutions can
be considered within such charge-transfer salts by replacing
either D or A with an isomorphous molecule, i.e. (D,D’;_,)-A or
D-(AA';_,).

Ion-radical salts are based on one single electroactive molecule
(either D or A), respectively, oxidized or reduced in the radical
cation D' or radical anion A~* form. Partial charge transfer is also
possible, for example with the recurrent 2 : 1 stoichiometry in (D),
X (p = 0.5 if X is a monovalent anion). More complex situations are
found in systems like (D);-X, or with non-stoichiometric band
filling,”" as in TTF halides (TTF)X, (x = 0.77-0.80 with Cl~, x = 0.71-
076 with Br~ and x = 0.70-0.72 for I).?* The Fabre salts (2:1 salts
built out of TMTTF molecules), the Bechgaard salts (2:1 salts
built out of TMTSF molecules),'® and the large family of BEDT-
TTF salts®® (and BETS and BET analogs)**** belong to this class
of molecular conductors. Solid solutions here can take on

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 Electroactive molecules involved in solid solutions.

[M(dmit),]

different aspects, by replacing the electroactive molecule with
an isomorphous one as in charge-transfer salts, i.e. (D,D’;_,).X,
or by replacing the counter-ion with an isomorphous one, i.e.
D,(X,Y:_,). If X and Y differ in charge, band filling will also be
impacted, a difficult but sought-after goal, as we will see in the
following.

Single component conductors are built from one single
molecular species, be it radical in nature or not. Among the organic
radical species, we can mention spiro-bis(phenalenyl)boron
radicals,”® dithiadiazolyl”” or dithiazolyl radicals,”® and hydrogen-
bonded TTF dimers.”**° Among the coordination complexes, the
most famous series is based on neutral tetrathiafulvalene dithiolate
complexes such as [M(tmdt),],>® while neutral radical
gold complexes such as [Au(R-thiazdt),]* have emerged as an
attractive family.>* In-between we can find neutral nickel
bis(dithiolene) complexes whose semiconducting behavior
can be changed into a metallic one under application of high
pressures.”®> Among all these single-component conductors,
alloying strategies have been considered up to now only
upon metal substitution, in spiro-bis(phenalenyl)boron radicals
(B vs. Be) and in TTF-dithiolate complexes (M = Ni, Pd, Pt vs.
Cu, Au).

Reported solid solutions of molecular conductors analyzed
in this Review are gathered in Tables 1 and 2, distinguishing
those involving alloys based on electroactive molecules (Table 1)
and those involving alloys based on counter-ions (Table 2).

This journal is © The Royal Society of Chemistry 2021
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2. Chemical properties of solid
solutions in molecular conductors

In the following, we will describe the different methods used
for the preparation of solid solutions of molecular conductors,
together with the analytical methods used to particularly char-
acterize their composition. We will also address important
issues about the nature of the mixed species (volume, shape,
charge, spin, etc.).

2.1 Crystal growth methods

Crystalline molecular conductors are essentially obtained through
two different methods both involving an electron transfer, either
crystallization from solution using an oxidant or a reducing agent
(eventually inserted itself in the structure), or electrocrystallization
where the electron transfer performed at the electrode is followed
by the precipitation (crystallization) of the conducting salts on the
electrode itself.

2.1.1 Cocrystallization. This first approach is illustrated
using the well-known TTF-TCNQ conductor. Its extension to
solid solutions with the selenated analog, i.e. tetraselenafulvalene
(TSF), was reported in 1977 for (TSF),(TTF),_(TCNQ),** obtained
either by slow diffusion of the constituents together®® or by
cooling from saturated solutions, with x varying continuously
between 0 and 1. On the other hand, the solid solution
(HMTTF),(HMTSF); _,-TCNQ could be prepared only with a small
HMTTF content (x = 0.05) despite a 25:75 HMTTF/HMTSF ratio
in solution, an indication of the probably much lower solubility of
the selenated phase.®”

Reducing agents such as TDAE [tetrakis(dimethylamino)-
ethylene] are used for the preparation of TDAE:(Ceo)1—x(Cro0)x
alloys, which precipitate rapidly from solutions of Cg, and C,,
in a benzene/toluene mixture.®* TDAE was also used a reducing
agent without insertion into the crystal in the single-component
conductor derived by the reduction of the spiro-bis(9-oxido-
phenalenone)boron cation denoted [PLY(O,0)],B".>* Co-crystal-
lization of solutions of this cation with selected amounts of
the neutral beryllium analog [PLY(O,0)],Be in the presence of
TDAE leads to the formation of a series of solid-state solutions
with the composition [PLY-(0,0)],B;_,Be,. The crystallization
process is driven by the insolubility of the radical [PLY(O,0)],B,
which apparently induces the co-crystallization of [PLY(O,0)],Be
with x values not exceeding 0.2. Higher Be concentrations are
reached in the methyl-substituted analogs with x values up to 0.59.>*

Reduction processes are also involved in the preparation of
solid solutions of the DCNQI acceptor and analogs. As reported
by Hiinig et al., mixing two (or even three) different DCNQIs in
the presence of CuBr, and copper wire afforded crystallization
of 26 binary alloys such as [(Me,); ,(MeBr),DCNQI],Cu, and
even one ternary alloy.®’ Under these conditions, the different
reduction potentials of two DCNQIs do not affect the composi-
tion of the salt and the most reducible acceptor was not
inserted preferentially. Solid solutions involving Me,DCNQI
and for example its deuterated analog Me,DCNQI-dg were also
prepared upon reaction of the acceptor molecules with Bu,NI
as a reductant in the presence of a copper salt, namely
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Table 1 Reported solid solutions of molecular conductors based on different electroactive donor or acceptor molecules
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Compound Pairs of alloyed molecules or ions Composition Ref.
Charge-transfer salts

(TSF),(TTF), _(TCNQ) TTF, TSF 0<x<1 34-36
(HMTSF), _,(HMTTF), TCNQ HMTTF, HMTSF 0.05 37
(NMP),(Phen), ,TCNQ NMP, Phen 0.5 <x<1 38 and 39
Cation-radical salts

[(TMTSF),_,(TMTTF),],ClO,4 TMTTF, TMTSF 0 < x <030 40
[(TMTSF),_(TMTTF),],Re0, TMTTF, TMTSF 0<x<1 41 and 42
[(TMTSF), _(TMTTF),|,PF, TMTTF, TMTSF x < 0.25,0.85 43
K-[(ET);_(BEDT-STF),],, Cu[N(CN),]Br BEDT-TTF, BEDT-STF 0<x<1 44
-[(ET),_(BEDSeT-TTF),],, Cu[N(CN),]Br BEDT-TTF, BEDSeT-TTF 0<x<0.26 45
[(EDO-TTF),_,(MeEDO-TTF),],PF, EDO-TTF, MeEDO-TTF x < 06,09 < x 46
(Perylene),[Au; Pt (mnt),] AU, Pt 0 < x < 0.50 47-49
Single component conductors

[NiOC,]; _JAuOC,], Ni*, Au®* 0<x<1 50

[Ni; _,Au,(tmdt),] Ni%*, Au** 0<x<1 51
[Ni;_,Cu,(tmdt),] Ni**, cu** x < 0.27 52
[PLY(0,0)],B;_,Be, B*', Be?! 0<x<02 53
[MePLY(0,0)],B,_Be, B*, Be*" 0 <x<0.59 54
Anion-radical salts

[Cl-BzPy][Ni,Pt, (mnt),] Ni**, pe** 0<x<1 55
[NO,-BzPy][Ni,Au; _(mnt),] Ni**, Au** 0<x<1 56
(Me,N)[Ni,Pd; ,(dmit),], Ni**, pd** 57
[(Me,DCNQI), _(Me,DCNQI-dg),],Cu Me,DCNQI, Me,DCNQI-dg 0<x<1 58 and 61
[(Me,),_(MeBr),DCNQI],Cu Me,DCNQI, MeBrDCNQI 0<x<1 59-61
[(Me,); _(MeCl),DCNQI|,Cu Me,DCNQI, MeCIDCNQI 0.75 62
[(Me,);_(MeI),DCNQI],Cu Me,DCNQI, MeIDCNQI 0.70 61 and 62
[(MeCl), _,(MeBr),DCNQI],Cu MeCIDCNQI, MeBrDCNQI 0.60 62

[(MeBr), _(MeI),DCNQI],Cu MeBrDCNQI, MeIDCNQI 0<x<1 61 and 62
[(MeCl);_,(MeI),DCNQI],Cu MeCIDCNQI, MeIDCNQI 0.25 62
K3(Ce0)1-2(Cr0)x Cs0y Cr0 x <05 63
TDAE-(Cg0)1—+(Cro)x Cso, Cro 0<x<05 64

(Et4N),CuBr,.>® These DCNQI salts can also be prepared by
electrocrystallization (see below).”**°

Chemical oxidation processes have also been used in the
crystallization of solid solutions of [Pd(dmit),] dithiolene complexes,
such as (Me,Sb), ,(EtMe;Sb),[Pd(dmit),], and (Et,Me,Sb);_,-
(EtMe;Sb),[Pd(dmit),],.” They are prepared indeed through
the slow air oxidation of [Pd(dmit),]> ions in the presence of
the corresponding cations (Me,Sb* vs. EtMe;Sb" and Et,Me,Sb" vs.
EtMe;Sb*") and acetic acid. This method proved to be very suitable
for the preparation of large and high-quality alloyed crystals.

2.1.2  Electrocrystallization. Electrocrystallization is by far
the most general method used for the preparation of molecular
conductors.'®® This method for preparing solid solutions con-
taining two different electroactive species (Table 1) is based on
their mixing in the anodic (for donor molecules) or the cathodic
(for acceptor molecules) compartment of an electrocrystallization
cell, in the presence of the chosen electrolyte dissolved in both
compartments. A constant current intensity is usually applied for
several days/weeks. The main series of alloys explored so far are
the Fabre/Bechgaard salts where mixing of TMTTF and TMTSF
was performed in their 2:1 salts with ClO, ,*® ReO, ,*! and
PF, .** Indeed both TMTTF and TMTSF salts exhibit closely
related structures and can be described using a unique (p,T)
phase diagram."® Considering that both molecules do not oxidize
at the same potential, the PFs  alloy [(TMTSF); _,(TMTTF),],PFs
was originally prepared in a potentiostatic mode at 0.25-0.30 V,
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ie. below the oxidation potential of both donor molecules
(TMTTEF: +0.26 V; TMTSF: +0.43 V).** A slightly different strategy
was used for the ClO,  alloy prepared at a higher intermediate
potential value (0.4 V).** The lower solubility of the TMTSF salts
limited, however, the insertion of TMTTF to a maximum value of
x = 0.30 in [(TMTSF);_,(TMTTF),],ClO,, and of x = 0.25 in
[(TMTSF); _,(TMTTF),],PFs. These problems were not found for
the ReO, " salt, i.e. [[TMTSF);_,(TMTTF),],ReO,,*" where galvano-
static methods associated with smaller current densities and
hence a slower crystallization process afforded three alloys with
x & 0.2, 055 and 0.8. The well-known «-(ET),Cu[N(CN),|Br
kappa-Br phase has also been the subject of alloying strategies
involving as second donor molecules BEDT-STF or BEDSe-
TTF.**** Finally, dithiolene complexes offer another series where
solid solutions can be easily prepared by electrocrystallization of
two different complexes differing only by the nature of the central
metal, as in the isoelectronic series based on Ni/Pd/Pt complexes.
Besides, solid solutions mixing group 10 (Ni, Pd, Pt) and group 11
(Cu, Au) metal complexes lead to a modification of the overall
electron count and hence of the band filling.*”~>’
Electrocrystallization is the synthetic method of choice for
the elaboration of solid solutions involving two different
counter-ions with analogous symmetry, shape and charge: for
example, ClO,~ vs. ReO, . Numerous examples have been reported
and some are collected in Table 2. In most cases, the whole
composition range can be explored. Also, because the electrolytes

This journal is © The Royal Society of Chemistry 2021
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Table 2 Reported solid solutions of molecular conductors based on different counter-ions
Compound Mixed counter-ions Composition Ref.
Anion radical salts
(Me,DCNQI),Li; _,Cu, Li*, cuh* 0<x<1 65 and 66
(Me,Sb), _(EtMe;Sb),[Pd(dmit),], Me,Sb*, EtMe;Sb* 0<x<1 67
(Et,Me,Sb), _(EtMe;Sb),[Pd(dmit),], Et,Me,Sb", EtMe;Sb" 0<x<1 67
Cation-radical salts
(0-DMTTF),Br,Cl; Br, Cl™ 0<x<1 68
(0-DMTTF),Br,I; Br, I~ 0<x<1 68
(TMTSF),(ClO,); (ReO,), Clo,, ReO,~ x < 0.17 69-72
(TMTSF),(AsFg); _(FeCly), AsFg~, FeCl,~ 1073 73
(TMTTF),(SbFs); _x(AsFe)x AsFq~, SbFg~ 0<x<1 74 and 75
(TMTSF),(TaFs);_»(PFe)x TaFs , PFg~ 0<x<1 76
dm-(ET),(TaFe); _(PFe)x TaFg , PFg~ 0.06 76
50-(ET),(TaFe); _(PFe), TaFs , PFs 0.57 76
B-(ET),(13); _x(IBr,), IBr, , I3~ 0<x<1 77 and 78
B-(ET),(IBry); _(IoBr), IBr, , L,Br- 0<x<1 77 and 78
B-(ET),(I,Br);_(Is)x LBr, I;~ 0<x<1 77 and 78
B-(ET),(13); _x(Aul,) Aul, ™, I3~ 0.1, 0.26, 0.9 79 and 80
0-(ET),(15); _x(Aul,), Aul,”, I3~ <0.02 81
(ET)4[Ni(CN), [ [Pt(CN)4]; [Ni(CN),J*~, Pt(CN),J>~ ~0.5, 0.14 82
K-(ET),Cu[N(CN),|Br,Cl, _, Cl, Br~ 0<x<1 83-85
0-(ET),(Rb,_,Cs,)Zn(SCN), Rb', Cs* 0<x<1 86
A-(ET),(GaCly);_»(CoCly), GaCl, ", CoCl,>~ 0 < x < 0.06 87
8'-(ET),(GaCly); _»(CoCly), GaCl, ", CoCl,>~ 0.05, 0.14 87
o-(ET)3(CoCly); »(GaCly),(TCE) GaCl, ™, CoCl,>~ 0.54, 0.57, 0.62 87
B'-(ET)3(CoCly); _(GaCly), GaCl,, CoCl,*>~ 0.88, 0.66 87
B-(ET),(SF5sRSOs); _»(SF5R'SO;), R,R’ = CH,CF,, CHF 0<x<1 88
B"-(ET),(SFsRSO3); _(SF5R’SO;), R,R’ = CH,-CF,, CHFCF 0<x<1 88
\-(BETS),GaBr,Cl; (GaBr,Cly_,)~ (x = 1-4) 89 and 90
A-(BETS),GaF,Cl,_, (GaF,Cly_,)™ (x =1-4) 91
\-(BETS),Fe,Ga; ,Cl, FeCl, , GaCl,~ 0.43, 0.55 92-94
(DIETSe),GaBr,Cl,_, (GaBr,Cly_,)~ (x =1-4) 95
(DIETSe),FeBr,Cl,_, (FeBr,Cly_,)™ (x = 1-4) 95
(TTM-TTP)FeBr,Cl,_» (FeBr,Cly )~ (x = 1-4) 96
(TTM-TTP)GaBr,Cl, (GaBr,Cly_,)~ (x = 1-4) 97
(TTM-TTP)Fe, _,Ga,Cl, FeCl,, GaCl,~ 0.1 97
(TTM-TTP)Fe; ,Co,Cl, FeCl,~, CoCl,*~ 0.05, 0.40 98
(TTM-TTP)Ga, ,Co,Cl, GaCl,~, CoCl,>~ 0.30 98
(TTM-TTP)Mn, _,Co,Cl, MnCl,>~, CoCl,>~ 0.90 98
B-(EDT-TTF-1,),[Pby/31xAZ1/3 2x Julo]5 Pb*", Ag" 0.05 99
/3+x0381/. g

are used in large excess compared to the electroactive species, very
small x values can be investigated when doping effects are con-
sidered rather than exploration of the whole 0 < x < 1 range.
Electrocrystallization conditions might require a difficult optimiza-
tion in order to be able to isolate solid solutions with a broad
composition range. For example, in the series of B-(ET)y(X1); - (X2)x
alloys (X1, X2 = I;~, LBr~, IBr,”),”® mixed crystals having a wide
composition range of anions were obtained from only nitrobenzene
for X1 =1Br, and X2 =1I; ", from only chlorobenzene for X = L,Br~
and X2 =1;, and from only THF for X1 =,Br and X2 =1IBr, , and
crystals having such a wide composition range of anions were not
obtained from other organic solvents. Note that the electrocrystalli-
zation itself can generate two different anions, as reported upon
crystal growth of B-(BEDT-TTF),Aul, in the presence of solely
BuyNAul,. When performed at high potentials, it afforded the solid
solution B-(BEDT-TTF),[(Aul,)6(13)0.74], @ probable consequence of
the oxidation and decomposition of the Au'l,~ anion.*

2.2 Nature of the components of a molecular alloy

Engineering molecular solid solutions is not always a straight-
forward task.'®" It is essentially based on the assumption that

This journal is © The Royal Society of Chemistry 2021

the similarity of size and shape is sufficient, although the
intermolecular interactions between molecules in the crystal also
play an important role.'% In that respect, the examples reported
in Tables 1 and 2 are not so numerous and often limited to very
similar systems.

Perhaps the most identical, yet different molecules to be
alloyed are those with different isotopes (H vs. D, *C, **S, ”"Se).
In the field of molecular conductors, isotope introduction has
been originally performed in order to observe any change in T,
i.e. the “isotope effect” in superconducting salts.'®® Besides,
solid state NMR is an important tool for investigating the
magnetic and conducting properties of such systems in order
to estimate the density of states from the Knight-shift and the
spin-lattice relaxation rate. It requires a *C enrichment of
the molecules, most often on the two central carbon atoms of
the TMTTF,'** TMTSF or BEDT-TTF molecules.'®® With this
enrichment, spectral splitting occurs because of the resulting
coupled spin system and induces a so-called Pake doublet.'®®
To avoid this problem, *C-enriched TMTTF and ET molecules
were prepared from a mixture of labelled and unlabelled
dithiole precursors, affording a mixture with 10% "*C-TMTTF

J. Mater. Chem. C, 2021, 9,10557-10572 | 10561


https://doi.org/10.1039/d1tc02160e

Published on 18 junij 2021. Downloaded on 30. 07. 2024 00:23:06.

Review

in unlabelled TMTTF,"** and that containing less than 7%
3C="3C double side-enriched ET in a major *C-single side-
enriched ET molecule respectively.'”® These mixtures were
electro-crystallized to yield solid solutions composed of double
side-enriched, single side-enriched and non-enriched donor
molecules.

Another series where isotopic substitution proved to be
particularly fruitfull is based on the Me,DCNQI acceptor, also
known as its fully deuterated analog, Me,DCNQI-dg.”® Indeed,
the slightly smaller size of deuterium compared to hydrogen
makes deuteration of molecules a very useful tool for tentatively
paralleling the effect of an external pressure, as also explored in
this area with BEDT-TTF-dg.'%”

As shown in Scheme 2a, the donor molecules used in alloys
of cation radical salts are essentially based on a S/Se substitu-
tion, on the central TTF core as well as on side substituents.
One single example involves the introduction of an extra methyl
group in [(EDO-TTF), ,(MeEDO-TTF),],PF alloys but the whole
composition range could not be prepared except for x < 0.6
and x > 0.9.° A much broader choice was offered in the
(DCNQI),Cu salts where many acceptors with different substi-
tuents in the 2 and 5 positions could be mixed (Scheme 2b).

Most common solid solutions involve two different counter-
ions with analogous symmetry, shape and charge: for example,
Cl” vs. Br vs. I, ClO,~ vs. ReO, , PFs vs. AsFs~ vs. SbFs,
FeCl, vs. GaCl, ,and I3~ vs. I,Br  vs. IBr, , or in radical anion
salts, Li* vs. Cu", all collected in Table 2. In most cases, the
whole composition range can be explored.

Organic counter-ions offer an increased degree of complexity as
reported in the alloys involving Me,Sb* vs. EtMe;Sb',*” and
SF5CH,CF,S0; ™ vs. SFsCHFSO; %8 In these salts, to the positional

(a)

=) — O
(L)

S s s S /
E I = I j BEDT-STF
S S ET S S \ [SeIS SISe]
Se S S Se
BEDSe-TTF
O -s S o__s s _Me
O — O0=<T
o~ S S o~ S S
EDO-TTF Me-EDO-TTF
(b) O
R4 I
R4/R, = Me/Me vs. CD;/CD3
| Ra R4/R, = Me/OMe vs. Me/Cl vs. Me/Br vs. Me/l
N
NC” R4/R, = CI/Cl vs. CI/Br vs. Br/Br vs. BrlOMe vs. I/l

Scheme 2 (a) Examples of pairs of donor molecules investigated in alloys.
(b) The different DCNQI acceptor molecules used in alloys.

10562 | J Mater. Chem. C, 2021, 9, 10557-10572

View Article Online

Journal of Materials Chemistry C

disorder of the two species at a given crystallographic site for the
counter-ion is added substitutional disorder even more difficult to
characterize (see Section 2.4). A specific warning should be made
here for reported solid solutions involving the GaCl, /GaBr,  and
FeCl, /FeBr, pairs. Indeed, several interesting phases with the
BETS donor molecule have been reported, such as the organic
superconductor A-(BETS),GaCl, and the isostructural A-(BETS),.
FeCl, which exhibits a sharp MI transition around 8 K. On the
other hand, k-type salts with various anions such as GaC1,
GaBr, , FeCl, , FeBr, , and InC1, exhibit metallic behavior
down to 4 K.** Solid solutions of the A-phases were investigated
with, for example, GaCl,” and GaBr, in a 1:3 ratio written as
“GaBrCl;”.#° It has been reported, however, that the halogen
ions of mixed halide gallium anions tend to be easily substituted
by other halogen ions in solution.'®® This scrambling in solution
implies that the description “GaBrC1; ” does not represent just
one species GaBrC1; ", but rather a complex mixture of GaCl,
GaBrCl;, GaBr,C1, , GaBr;Cl, and GaBr, . In the present
example, the distribution was approximatively 5:6:3:1:0 and
the Br/Cl distribution was different on the four crystallographically
different halide sites. Similar scrambling reactions and added
complexity are also reported in solid solution involving DIETS or
TTM-TTP donor molecules with mixtures of FeCl,” and FeBr,
iron complexes.®>®

2.3 Miscibility: doping, preferential insertion

In several situations where the two extreme structures differ too
much from each other, a full miscibility of the two partners
cannot be reached and the resulting salts are much better
described as doped materials. These compositions are also of
interest for highly sensitive properties such as superconductivity
(see Section 3.4), upon insertion of disorder or of magnetic defects.
For example, insertion of the tetrahedral and magnetic (S = 5/2)
FeCl,™ anion into (TMTSF),(AsFs) was limited to an x value of 10>
in the alloy formulated as (TMTSF),(AsFe); _(FeCl,),, despite the
8:2 ratio of AsF, :FeCl, ™ in the electrolyte.”” Such doped systems
are also prepared on purpose for EPR investigations of paramagnetic
dithiolene complexes diluted in diamagnetic matrices: for example,
[Ni(dt),]” in diamagnetic [Au(dt),] **° and [Cu(dt),]>” in dia-
magnetic [Ni(dt),]*~."*°

In most situations, however, the full range of comp