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Dramatically Different Conductivity Properties of Metal-Organic
Framework Polymorphs of TI(TCNQ): An Unexpected Room-
Temperature Crystal-to-Crystal Phase Transition**

Carolina Avendano, Zhongyue Zhang, Akira Ota, Hanhua Zhao, and Kim R. Dunbar*

The synthesis and fabrication of nanoscale materials for new
types of electronic and magnetic devices is a central theme in
materials science research in this second decade of the 21st
century. Given that conventional storage materials are
estimated to approach their miniaturization limit by 2016,
heightened efforts are being directed at the design and
synthesis of new types of bistable nanoscale materials,
including those capable of undergoing a change from low to
high resistance under the application of an electric field. Such
nonvolatile memory devices are capable of operating at
increased speeds and require less energy than conventional
memory devices. Among the materials being investigated for
resistance-based memory are materials that contain organic
components and whose properties are influenced by magnetic
or electric fields."”

Materials that respond to the application of an electric
field or changes in light, pressure, or temperature are being
sought for incorporation into electronic devices with ultrafast
operating speeds.**l Examples of molecule-based materials
that exhibit fascinating properties are the spin-crossover
complex [Fe(picolylamine);Cl,(C,H;OH)],>°! the neutral—
ionic transition system TTF-chloranil (TTF = tetrathiafulva-
lene),"™  the metallo-organic  conductor Cu(DM-
DCNQI),,' "l (DM-DCNQI = dimethyl-N,N'-dicyanoquino-
nediimine) and the salt (EDO-TTF),PF,,'"'®! (EDO-TTF =
ethylenedioxytetrathiafulvalene). These materials provide
compelling evidence for the contention that molecular
solids may eventually be useful in device applications.

In terms of electric-field-induced behavior, the most
extensively studied examples are the organocyanide-based
materials Cu(TCNQ) (TCNQ =7,7,8,8-tetracyanoquinodi-
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methane), which exhibits reversible switching from a high-
resistance state to a conducting state promoted by the
application of an electric field or upon irradiation,'*?!! and
the current-driven conductor K(TCNQ) salt.”?! The latter
material is a key member of the binary series of alkali-metal
salts of TCNQ that behave as so-called “Mott insulators” at
high temperatures, in which the fully reduced radical anions
are arranged in columns with evenly spaced TCNQ units. At
lower temperatures, these “soft” materials undergo a phase
transition in which the TCNQ units are brought into close
proximity as a result of w dimerization. The electrons are then
trapped in the dimers, the conductivity drops, and the
materials pass into the spin-Peierls insulating state.

An approach that we have adopted for discovering
conducting TCNQ phases is to capitalize on the rich
chemistry of alkali metals while circumventing some issues
that hinder their conductivity. In this vein, thallium is an
interesting element, since it can behave as a pseudo-alkali
metal. In contrast to other Group 13 elements, Tl prefers the
1+ oxidation state (although TI*' is known), and many
similarities between the chemistry of alkali-metal ions and T1*
have been noted.” The electronegativity of Tl (2.04) is much
higher than that of any alkali metal, which should lead to less
ionic compounds with smaller band gaps and thus higher
carrier mobility. Moreover, unlike alkali metals, T1" possesses
a stereoactive lone pair, which is expected to lead to a greater
diversity of structures.” Indeed, the viability of this idea was
demonstrated by Hiinig etal., who reported TI(DM-
DCNQI),, which adopts a 3D metal-organic framework
structure and behaves as a one-dimensional metal-like semi-
conductor (gsx =50 Scm™).*

With the exception of the aforementioned material, there
are no other reported main-group binary phases based on
weak interactions with organocyanide molecules. In fact,
main-group supramolecular chemistry is largely underdevel-
oped as compared to that of transition-metal ions.”** Herein
we describe the first chemistry of the TI' cation with TCNQ
radical anions, the result of which is the discovery of two
polymorphs with very different conducting properties.

Slow diffusion of a methanol solution of Li(TCNQ) and
an aqueous solution of TIPF, leads to the isolation of single
crystals of the product TI(TCNQ), phase I (1). A typical bulk
stoichiometric reaction leads to crystals of a second product
TI(TCNQ), phase I (2). An X-ray structural determination
revealed that 1 crystallizes in the P2,/c space group as a 3D
network structure consisting of metal ions arranged in linear
strings, each surrounded by four stacks of TCNQ acceptor
molecules (Figure 1a) and with adjacent TCNQ stacks
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Figure 1. A perspective view of the crystal structure along the short axis of TITCNQ
a) Phase | (1) and c) Phase Il (2) and side views of the crystal structures of b) Phase
I (1) and d) Phase Il (2) emphasizing the chains of Tl ions that are aligned in
parallel directions.

rotated by 90° with respect to each other, as in the case of
Cu(TCNQ) phase I. In contrast to the latter, the TCNQ units
in 1 propagate along the a axis with alternating distances of
3.16(1) and 3.35(1) A between the 7t systems along the stacks
(Figure S1 in the Supporting Information). Each TI' center is
coordinated to eight TCNQ molecules and has a stereoactive
lone pair that forces the TI' centers to be in a distorted cubic
geometry (TI-N 2.70-3.27 A). The distance between adjacent
Tl metal ions along the short axis alternates between 3.46(1)
and 3.70(1) A.

Crystals of phase II (2) could only be obtained as very
small crystallites, thus X-ray structural data were collected at
the ChemMatCars APS synchrotron facility at Argonne
National Laboratories. Polymorph 2 crystallizes in the P2/c
space group in a 3D network whose structure consists of Tl
ions surrounded by four stacks of TCNQ acceptor molecules,
as found in 1 (Figure 1b), but with adjacent TCNQ stacks
arranged in a parallel orientation with respect to each other
(Figure 1d). Another important difference between the
polymorphs is that the distances between the adjacent
TCNQ radical and adjacent Tl metal ions in polymorph 2
are equivalent (3.22(2) and 3.79(2) A, respectively; Figure S2
in the Supporting Information), a situation that leads to even
spacings of m—m interactions throughout the stacks which
propagate along the b axis. As in the case of 1, the Tl centers
in 2 adopt a distorted cubic coordination environment, as was
indicated by the inequivalent TI-N bond lengths (Figure S3 in
the Supporting Information). The larger disparities in the Tl—
N bond lengths for 1 illustrate a higher degree of distortion
than found in 2. The elongated TI—N bonds (red in Figure S3
in the Supporting Information) observed for both polymorphs
reflect the presence of Tl s-orbital lone-pair electrons.
Furthermore, in both structures the distance between metal
ions is slightly less than the sum of the van der Waals radii of
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two TI' ions (3.92 A). Interactions between TI
atoms are quite rare and have only been docu-
mented in two other Tl supramolecular assem-
blies, namely TI(DM-DCNQI), (3.81A) and
Tl,(phthalocyanine) (3.69 A). In both cases the
T1---T1 contacts are longer than those observed in
the two new TI(TCNQ) phases.*>?)

It is well known that TI' compounds exhibit
structural and chemical properties similar to
corresponding K* and Ag" salts (Table 1). A
comparison of the ionic radii reveals that the
crystal structures of the different radical ion salts
are not determined solely by the sizes of the metal
ions. Whereas in the series M(TCNQ) (M'= Na,
K, RDb) the space group changes as the ionic radius
increases (C1, P2,/n, and P1 respectively), similar
space groups are found for both the Cu(TCNQ)
phase I and Ag(TCNQ) metal-organic frame-
work solids (Table 1). It is obvious that the
structural differences are not driven primarily by
preferred distances between the acceptor mole-
cules, because they would remain unchanged
given that they are governed by the size of the
TCNQ moiety. Instead, structural variations can

Table 1: Metrical data and
M(TCNQ) compounds.?

room-temperature  conductivities for

M, phase ri+ry  dM-N)  d(A-A) 300K Ref.
Cu, | 0.60 2.10 1.95 3.24 2.5%x107" [21]
Ag 1.00 2.50 2.33 3.50 3.6x10°* [30]
Tl | 1.59  3.09 2.75 3.16/3.35 2.4%x107*

TI, 1l 1.59  3.09 2.92 3.22 5.4x107"

Na 102 252 250 322/350 1.0x10° [31]
K 159 3.09 3.0 3.24/3.57  1.0x107°  [22]
Rb, 11 1.65 3.15 3.08 3.25 1.0x10°° [32]

[a] ,=ionic radius (A), r,+ry=sum of van der Waals radii (A) of the
cation and N atoms, d(M-N) = shortest distance between metal ion and
nitrile N atom (A), d(A-A)=average distance between acceptor
molecules (A), 0340 =room-temperature conductivity (S~'cm™'). Nitro-
gen radius ry=1.50 A,

be attributed to the different metal-nitrile group distances,
d(M-N), which are shortest for the Cu, Ag, and T1 TCNQ
compounds based on the sum of the van der Waals radii. In
contrast, for the alkali-metal TCNQ materials, d(M-N) is
equal to the sum of the van der Waals radii. As stated, the
TI(TCNQ) polymorphs exhibit metal-nitrogen distances
considerably less than the sum of the van der Waals radii,
an indication of increased bonding interactions of the nitrile
groups compared to the purely electrostatic interactions
found for alkali-metal TCNQ compounds. This situation
notwithstanding, the new compounds 1 and 2 bear structural
similarities to the alkali-metal TCNQ materials. The T1" ion
environment in 1 and 2 exhibits the characteristic coordina-
tion number eight of the K* ion, as opposed to the typical
fourfold coordination exhibited by the Cu(TCNQ) and
Ag(TCNQ) MOFs. The 90° arrangement of adjacent TCNQ
stacks in 1 occurs in the structures of the Na™, K, and Rb*
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TCNQ analogues, whereas the parallel arrangement of the
TCNQ stacks found in 2 is observed in the Cs(TCNQ)
network. Interestingly, the arrangement of the TCNQ radicals
in polymorph 1 is the same as in the Cu(TCNQ) and
Ag(TCNQ) structures, but, in the case of polymorph 1,
there is an uneven spacing of the m-stacked TCNQ radicals.

During the course of our studies of compound 1, a
surprising discovery was made. When a crystalline sample of 1
is exposed to moist laboratory air, a solid-to-solid phase
change takes place for crystalline samples; after two weeks,
samples of 1 undergo complete conversion to 2, as indicated
by the change in reflections located near 10° in 26 in the
powder XRD patterns (Figure 2). The full powder patterns

Initial 1h Overnight Day2 Day3 2 Weeks

1 1 1 2 2
2

2

N'L"Jilu., i "‘JN iy,

10 10 10 10 10 10
20/°

Figure 2. X-ray diffraction powder patterns in the 10° 26 region of a
sample of T(TCNQ) crystals after prolonged exposure to ambient
laboratory air.

are provided in Figure S7 in the Supporting Information. It is
important to emphasize that phase I (1) is indefinitely stable
under dry conditions, and it is only upon exposure of the
crystalline sample of 1 to a wet atmosphere that a transition in
the solid state to phase II (2) is observed. The transformation
of 1to 2 is accelerated and takes only two hours when crystals
of 1 are soaked in water (Figure S8 in the Supporting
Information). The phase change occurs without any visible
changes in the sample or soluble components. Given these
observations, it is postulated that 1 is being essentially
“dissolved” at the surface by atmospherically scavenged
water, and that this process slowly converts the material to the
second polymorph, that is, Phase II (2). The effects of other
external stimuli, such as pressure and vacuum, were studied,
but no changes in the structure were found to occur (Fig-
ure S9 in the Supporting Information). Experiments were
performed to attempt to convert 2 back to 1 by exposing the
solid to heat, pressure, and vacuum, but no alterations in the
structure were observed, thus indicating that the transition is
irreversible and that 2 is the thermodynamic product. Such a
phase transformation at ambient temperatures and pressures
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and in the solid state without the loss or exchange of guest or
interstitial solvent molecules is remarkable and, to our
knowledge, unprecedented in metal-organic framework
solids (MOFs).

Infrared spectroscopy is a useful tool for characterizing
TCNQ materials, in particular for discerning the oxidation
state of the molecule in its charge-transfer salts or metal—
organic frameworks. Not unexpectedly, infrared spectra of the
two polymorphs of TI(TCNQ) are quite similar, given that
they both contain the radical anion form of TCNQ. Com-
pound 1 exhibits three strong, broad v(C=N) absorptions at
2181, 2164, and 2151 cm ™" whereas 2 exhibits a strong, sharp
stretch at 2180 and one strong, broad feature at 2149 cm™'.
Perhaps even more indicative of the similarity of the TCNQ
unit in the two phases is the §(C—H) mode at 823 cm ™', which
is very sensitive to changes in oxidation state. These data are
consistent with the presence of TCNQ™ and not TCNQ,
TCNQ™", or mixed-valence stacks of TCNQ™ and TCNQ.P*!

Variable-temperature magnetic susceptibility data for the
samples were measured using a SQUID magnetometer. Both
polymorphs show behavior typical of a TCNQ radical anion
salt with TCNQ stacking, namely strong coupling of the
unpaired spins. Most simple TCNQ radical anion salts are
paramagnetic, but the susceptibilities are only about 10 % of
that expected for a system with non-interacting spins.”!! The
very low susceptibility observed for both polymorphs (C=
0.009 for 1 and 0.0005 for 2; Figure S11 in the Supporting
Information) indicates considerable magnetic coupling of the
unpaired spins through the TCNQ stacking interactions, as
expected.

The two structural forms of TI(TCNQ) were subjected to
pressed-pellet conductivity measurements (Figure 3), and it
was found that they exhibit quite different charge-transport
properties. Both behave as semiconductors, but phase II (2)
has a room-temperature conductivity of 5.4x107'Sem™,
whereas phase I (1) is nearly insulating, with a room-temper-
ature conductivity of only 2.4 x 10~ Scm™". In contrast to the
binary alkali-metal TCNQ materials, the TI(TCNQ) poly-
morphs do not exhibit a phase transition as the temperature is
decreased. Structurally, the polymorph 1 and Cu(TCNQ)
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Figure 3. Conductivity measurements performed on pressed pellets of
phase | (1) and phase Il (2) of TI(TCNQ).
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phase I are very similar. As described earlier, both com-
pounds contain metal ions which are connected to the TCNQ
ligands in a p, binding mode, with the stacks of TCNQ
propagating along the short axis and the adjacent stacks
rotated by 90°. Nevertheless, in comparison to Cu(TCNQ)
phase I, 1 shows alternating distances between both TCNQ
molecules along the stack (3.17(1) and 3.35(1) A) and the
adjacent Tl metal ions (3.63(1) and 3.45(1) A). The alternat-
ing distances reflect a partial dimerization of the TCNQ
radicals, which leads to the formation of a spin-Peierls
insulator state and a relatively low conductivity. The struc-
tural features of 2 are in accord with the unusually high room-
temperature conductivity of this material (5.4 x 107! Scm™).
The distance between adjacent TCNQ radical ions is homo-
geneous (3.22(2) A) and is slightly shorter than the TCNQ
distance found in Cu(TCNQ) phase I (3.24 A), which explains
its superior semiconducting properties.

In summary, the results of this study establish the
existence of two markedly different polymorphs of TI-
(TCNQ). Powder X-ray diffraction studies revealed that
subtle differences in the reaction conditions (e.g. time and
temperature; Figure S9 in the Supporting Information) lead
to variable quantities of the two phases. With some effort, we
were able to identify conditions that lead to pure samples of
each polymorph (Figure S5 in the Supporting Information).
Conductivity data obtained on pressed pellets of bulk samples
of the two phases revealed that 1 is a weak semiconductor, a
finding that is not unexpected given the pronounced rt dime-
rization of the TCNQ™ units along the stack. Conversely,
polymorph 2 exhibits much higher conductivity as a result of
the regular and short spacing between the TCNQ ™ units along
the stack, in a situation that leads to increased clectron
mobility.

The results of this study add to the small database of
single-crystal X-ray data available for binary TCNQ materials
and provide valuable insight into structure—property relation-
ships in such materials. Moreover, the TI(TCNQ) solids
constitute examples of new supramolecular main-group
MOFs, an area of chemistry that has yet to be developed.
Current efforts are underway to prepare additional members
of this family with TCNQX, (X =Cl, Br, I) derivatives and to
perform *TI NMR and EPR spectroscopic measurements to
probe the possible role of the TI---Tl and TCNQ--TCNQ
contacts as well as of the TI-N bonding in dictating the
properties. As a backdrop for these latter studies, we note that
in their related work on the semiconductor TI(DM-DCNQI),,
Hiinig et al. performed such NMR and EPR spectroscopy
studies and were able to ascertain that, remarkably, spin
density is transferred from the electron acceptors DM-
DCNQI to the Tl metal ions.™ Finally, this chemistry is
being extended to other main-group elements to further
expand knowledge in this new field of TCNQ conductors.

Experimental Section

1: A dark green solution of Li(TCNQ) (0.211g, 1.0mmol) in
methanol (5 mL) was slowly added to a colorless solution of TIPF;
(0.350 g, 1.0 mmol) in water (5 mL). The mixture was then diluted
with water (10 mL) and stirred for 5 min. The resulting dark purple
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precipitate was quickly collected by filtration and subjected to
immediate drying in vacuo. Yield=0.113 g, 28 %. Single crystals of
the compound were grown over the course of one week in a 3 mm
diameter sealed thin tube by slow diffusion of a methanol solution of
Li(TCNQ) into a solution of TIPF, in water. Elemental analysis calcd.
for 1 C,N,H,TI: C35.21, H0.99, N 13.69; found: C 35.89, H 0.94,
N 13.89%. IR (Nujol): v(C=N) 2181, 2164, 2151, and &6(C—H)
823 cm™'. Elemental and infrared spectral analyses were performed
on single-crystal samples.

2: A dark blue solution of Li(TCNQ) (0.150 g, 0.7 mmol) in
methanol (10 mL) was slowly added to a colorless solution of TIPF,
(0.175 g, 0.5 mmol) in water (10 mL). The mixture was stirred in air
for 20 min to yield a dark purple precipitate, which was filtered and
washed with copious quantities of water and diethyl ether and dried in
air. Yield =0.180 g (0.41 mmol), 82 %. Elemental analysis calcd. for 2
Cu,N,H,TI: C3521, H0.99, N13.69; Found: C35.83, HO0.98,
N 13.90%. IR(Nujol): v(C=N) 2180, 2149, and 8(C—H) 822 cm™".

Crystallographic parameters can be found in the Supporting
Information (Table S1). CCDC 812759 (1) and 806915 (2) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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