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ABSTRACT: Electro-oxidation of the quinoidal bisdithia-
zole BT in dichloroethane in the presence of [Bu,N]-
[GaBr,] affords the 1:1 radical ion salt [BT][GaBr,],
crystals of which belong to the trigonal space group P3.
The packing pattern of the radical cations provides a rare
example of an organic kagome basket structure, with S =
1/2 radical ion chains located at the triangular corners of a
trihexagonal lattice. Magnetic measurements over a wide
temperature range from 30 mK to 300 K suggest strongly
frustrated AFM interactions on the scale of J/k, ~ 30 K,
but reveal no anomalies that would be associated with
magnetic order. These observations are discussed in terms
of the symmetry allowed magnetic interactions within and
between the frustrated layers.

pin frustration arises when the geometrical constraints of a

crystal lattice inhibit the antiparallel alignment of electron
spins on different sites into magnetically ordered arrays." This
situation is generally found in select examples of transition-
metal-based minerals and materials, where high lattice
symmetry can give rise to triangular (Chart 1A) or tetrahedral
arrangements of magnetic centers that enhance the classical
spin degeneracy and offer the possibility for nonordered spin-
liquid states to appear once quantum effects are included.
Particularly attractive are systems possessing S = 1/2 moments,
for which quantum fluctuations are stronger than higher spin
counterparts, potentially leading to exotic spin-liquid states. For
this reason, inorganic minerals and synthetic materials
exhibiting triangular (B) and kagome2 (C) architectures, with
S = 1/2 metals located at the lattice vertices, have been
extensively studied. Prominent examples include strongly
insulating kagome derivatives of Herbertsmithite’ and organic
charge transfer salts based on pseudotriangular lattices.”

Chart 1
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Hybrid metal—organic kagome-like structures displaying spin
frustration have also been explored,” but examples of purely
organic structures based on the kagome framework, and
containing magnetically active S = 1/2 building blocks, are
rare.’ Here we report the preparation, structural and
preliminary magnetic characterization of an organic radical
salt that forms chain-like arrays locked into a distorted kagome
packing pattern. The organic building block used here is the
quinoidal bisdithiazole BT (Figure 1).” Antiaromatic, quasi-
biradical® heterocycles of this type are easily oxidized to charge-
transfer salts with a variety of stoichiometries,” and initial
exploration of the redox chemistry of BT afforded AICl,™ salts
of both the radical cation [BT]* and closed-shell dication
[BT]*>*.” A mixed valence salt [BT],[GaCl,] containing the
dimer radical cation [BT]," was later described.'®
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Figure 1. VB drawings of (a) BT, (b) its radical BT*, and (c) the
Kohn—Sham SOMO of the radical cation.

Crystals of the radical cation salt [BT][AICl,] were
tentatively assigned to the trigonal space group P3, but full
structural elucidation was thwarted by twinning problems.” We
have now found that blocks of the 1:1 tetrabromogallate salt
[BT][GaBr,] suitable for single crystal X-ray diffraction can be
generated by electro- ox1dat10n of solutions of BT in the
presence of [Bu,N] [GaBr,]"" in dichloroethane (DCE). The
crystals belong to the trigonal space group P3 (Table S1) and
consist of [BT]" radical cations packed into 2D arrays in the ab
plane and displaying the trihexagonal tiling associated with the
kagome basket (Figure 2). The GaBr,” anions lie on 3-fold axes
at (0, 0, z), (1/3, 1/3, z), and (2/3, 2/3, z), and the radical
cations cluster about these axes with their mean molecular
planes tilted to make an angle of 67.3° (at 100 K) with the c-
axis. The P3 symmetry affords two distinct intermolecular S1--
S4’ contacts d2 and d3 within the trihexagonal planes as well as

Received: May 17, 2016
Published: August 18, 2016

DOI: 10.1021/jacs.6b05079
J. Am. Chem. Soc. 2016, 138, 10738—10741


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b05079

Journal of the American Chemical Society

Communication

~~

d2=3.645A
d3=3.953A

.A \

*

\. * ‘ \A‘ \ -;_v'-
v \A ‘

’V ’V V

(b)

CWWL

Figure 2. (a) Unit cell of [BT][GaBr,], viewed parallel to the c-axis.
(b) Trihexagonal tiling of the BT* radical cations in the ab plane. (c)
Layers of BT" cations and GaBr,” anions in the [110] plane, showing
the three positions for the GaBr,” ion. Intermolecular Cl1---CI2’ (d1)
and S1---S4’ (d2, d3) contacts (at 100 K) are shown with (red) dashed
lines. Intermolecular exchange interactions J, ], (blue triangles) and J;
(green triangles) are also defined.

a Cl1---ClI2’ interaction (d1) between adjacent layers along the
z-direction; although outside the respective van der Waals
separation,'” these contacts are important in establishing
magnetic communication (see below). At a molecular level,
the internal structural metrics, notably the S—S distance, in the
radical cation (Table S2) are slightly contracted relative to
those in the parent heterocycle, as expected from the
antibonding nature of the SOMO of the radical cation BT*
(Figure 1). Pressed pellet conductivity measurements on
[BT][GaBr,] suggest Mott insulating behavior, with oy near
10°%S cm™, prompting investigation of its magnetic properties.
The crystallographic P3 symmetry allows three nearest-
neighbor magnetic exchange interactions J, (n = 1—3), which
we define in magnitude and sign in terms of the Hamiltonian
=], {S:* S;}. As shown in Figure 2, J, is associated with the
long Cl1.--CI2" contact (d1 = 3936 A) and links adjacent
kagome layers, while J, (J;) interactions occur within each layer
in the blue (green) triangles shown in Figure 2b. The limit J, >
J»» J5 describes decoupled 1D chains, while ], < J,, J; gives
decoupled kagome planes; within each such plane, the
interactions are frustrated provided either ], or J; is
antiferromagnetic (AFM). The results of variable-temperature
field-cooled magnetic susceptibility (y) measurements are

shown in Figure 3. Initial Curie—Weiss analysis of the y
versus T data provided a 6O-value of +24.6 K, suggesting
significant AFM coupling. A subsequent fit of this data over the
range T = 2—300 K to a 1D AFM S = 1/2 chain model™*
(Figure 3b) indicated J; = +34.7 £ 0.5 K and zJ = +9 + 4 K.
The latter parameter zJ represents a mean-field interaction
lateral to the 1D chains, and may be equated to zJ ~ 2], + 2J;.
The slight deviation of this model from the experimental y(T)
for T < z]J suggests the onset of interchain coupling effects
beyond the mean-field approximation.
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Figure 3. (a) Cooling curve plot from T = 2—300 K of y versus T for
[BT][GaBr,] at H = 1 kOe, with a 1D AFM chain fit shown in red.
Inset: Low-temperature susceptibility, showing absence of spin gap or
ordered canted moment for T > 30 mK. (b) Zoom-in of y(T) for T =
2-50 K, showing fitting results for 1D chain model (red) and HTSE
approximation (blue) for J;-J,-J; model. As expected, the HTSE
diverges below 20 K but provides an excellent fit for T = 20—300 K.

In order to further estimate the magnitude of these
interchain interactions, we computed the high temperature
series expansion (HTSE)" for y up to eighth order in (1/T)
for the full J|-J,-J; model, which proved to be convergent for T
=20—300 K. Best fits for this model were obtained for J; = +30
K, J, = +16 K, and J; = =9 K, corresponding to zJ = +14 K.
Taken together, these results suggest significant interactions
both along the chains and within the layers. However, only a
small separation between the experimental and fitted y(T)
profiles was observed down to 2 K. Due to the relatively low
symmetry of the P3 space group, it is expected that magnetic
order would produce a large increase in y, as symmetry-allowed
antisymmetric Dzyalloshinskii—Moriya interactions would
promote a finite canted moment. To explore the possibility
of ordering at lower temperatures, further y(T) measurements
were performed down to 30 mK (inset to Figure 3a). Below 2
K, the susceptibility was observed to saturate at a large value of
about 4.7 X 107 cm® mol™!, with no anomalies indicating
ordering within the resolution of the experiment. The
observation of finite y at low temperatures T < zJ also
suggests a ground state with no energy cost for magnetic
excitations, which argues against spin dimerization or short-
ranged valence bond ground states. While these initial
experiments do not allow for conclusive identification of the
low-temperature magnetic state of [BT] [GaBr4], the results
imply a possible gapless spin-liquid, such as the Luttinger state
common in 1D antiferromagnets.

Given these observations, it is insightful to consider three
possible parameter regimes (i)—(iii) that can occur for
trihexagonal [BT][X] materials consistent with a 1D-chain
like response in y(T), as shown in Figure 4. For the first case,
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Figure 4. Possible magnetic models for [BT][GaBr,] resulting from
different values of J;, J,, and J5. (i) Stacked kagome AFM, (ii) isolated
three-legged spin tubes, and (iii) effective stacked triangular AFM
lattice formed from local FM triang]es.

(i) J1 > (Jp, J5) > 0 (stacked kagome AFM): If both J, and J;
are AFM, then the kagome planes are fully frustrated, but for
[BT][GaBr,] the interactions must be dominated by the chain
interaction J,, in order to satisfy the condition that J; > z]J. It
might be expected that the frustrated nature of the interchain
interactions effectively decouples the chains,'” resulting in a
nearly 1D (spin-liquid) behavior. Quasi-1D behavior may also
occur if one of the in-plane interactions is very small, leading to
(i) J = 0, J, = zJ/2 (spin tubes). In this case, the spins are
decoupled in the plane and form frustrated three-legged spin
tubes running along the c-direction, with leg interactions J; and
rung interactions J,. A spin-gap is expected on the order of A ~
J,/20—0.3 K,18 which is inconsistent with the low-temperature
saturation of (T). We therefore consider this scenario unlikely
for the present system and suggest that both interactions within
the 2D layers must be significant. The final possibility (iii) J, >
0, J5 < 0 (3D coupled FM triangles) is suggested by the HTSE
fitting results. If one of the interactions within the trihexagonal
plane is ferromagnetic, then the condition J; > zJ may be
satisfied even for significant intraplane interactions. In this case,
a high spin S = 3/2 state would be favored on the FM triangles,
resulting in an effective frustrated triangular lattice of FM
coupled spins. The magnetic ground state would be expected to
possess three sublattice magnetic order,19 as in the S = 3/2
triangular lattice model, but fluctuations may suppress such
order. In this way, a 1D chain-like response may appear over a
broad temperature range despite significant ], and J;, due to a
combination of frustration decoupling of the chains and average
cancellation of FM and AFM interactions. Future low-
temperature-specific heat, ESR, NMR, and muon spin rotation
experiments could further probe the magnetic ground state of
[BT][GaBr,], while nontrivial field-induced states rni§ht also be
revealed in high-field magnetization measurements.”

At present, further insight into the magnetic state can be
gained from density functional theory (DFT) estimates of the
magnetic exchange interactions between pairs of radical cations.
The pairwise exchange energies J;, J,, and J; (Figure S) were
calculated”" at the UB3LYP/6-311G(d) level, using single point
energies of the lowest triplet state Erg and the broken
symmetry singlet state Epgs and their respective (S*) expect-
ation values.”” Given the strong interactions between the BT*
cations and GaBr, anions, the latter were included in the
calculations, in order to approximate the correct charge
distribution on the organic component.”* With their inclusion,
the results are consistent with the HTSE fits, placing
[BT][GaBr,] in category (iii). The calculations afford a large
AFM coupling J; = +39 K, while the lateral interactions J, and
J; were found to be of similar magnitude but opposite sign, with
J, = +22.5 K and J; = —18.2 K (and zJ ~ 8 K). The order of

| L [ DFT
1’, [ N J, +30K +39.2 K (AFM)
() - \ J, +16K +22.3 K (AFM)
J; 9K  -186K(FM)

Figure 5. Magnetic exchange interactions J; (green), J, (blue), and J;
(red) between pairs of radical cations in [BT][GaBr,] and associated
GaBr,~ anions (see text), with UB3LYP/6-311G(d) values calculated
from crystal data at 100 K. The DFT values are compared to the
results of HTSE fitting of y(T).

magnitude of these interactions is consistent with that observed
in related materials.”* Inspection of the SOMO of the radical
cation (Figure 1) suggests substantial spin density on the Cl
centers, which mediates the ], interaction through Cl1---CI2’
and Cl1---S2" contacts despite the relatively far distance
between adjacent kagome layers. The differing signs of the
computed ], and J; may be related to the highly antibonding
nature of the radical SOMO, which ensures a strong
orientational dependence of the intermolecular orbital overlap,
and related J-values.” This latter observation also suggests the
possibility of tuning the dimensionality and frustration through
chemical and physical pressure. A similar structure (space group
P3) has already been demonstrated for [BT][AICl,],” and
preliminary results indicate this packing motif can be generated
for other tetrahedral anions. Furthermore, substitution of the
exocyclic Cl atoms (by Br, I) may allow for adjustment of the
interlayer coupling J;.

In summary, geometrical spin frustration can be realized in
[BT][X] materials as a result of the templating effect afforded
by the three-fold symmetry of tetrahedral X~ anions.
Accordingly the P3 crystal symmetry found for [BT][GaBr,]
generates arrays of triangular subunits in the lattice. The
measured susceptibility of this material does not reveal any
evidence for magnetic order or a spin gap down to 30 mK,
which is 2 orders of magnitude smaller than the dominant
magnetic interactions (6 = +25.3 K). The influence of quantum
fluctuations on the magnetic response can be further assessed in
terms of the so-called frustration parameter f = Ty(MF)/
Tx(exp),”® where the mean-field ordering temperature Ty (MF)
is given by @ in high-dimensional systems. On this basis, and
assuming Ty(exp) < 30 mK, f > 100 for [BT][GaBr,].
However, if one takes into account the quasi-1D response of
[BT][GaBr,], it may be more appropriate to use the coupled
chain expression Ty(MF) = 2 $2[J-z]]"/* ~ 9 K, in which case
Tn(MF) still exceeds the lowest measured temperature by a
factor f > 30. Further studies are required to probe the magnetic
ground state of this system, in order to confirm this picture. If
magnetic order is to be found, it would likely be highly
suppressed by quantum fluctuations and may be noncollinear
(spiral or 120° order), as observed in other frustrated
systems.”” Finally, it remains to be seen how the combined
effects of chemical and physical pressure will influence the
magnetic interactions. It may be possible to explore materials in
the [BT][X] family corresponding to all magnetic models
shown in Figure 4i—iii through judicious crystal engineering.
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