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Conducting organic materials, such as doped organic polymers', molecular
conductors®?and emerging coordination polymers*, underpin technologies ranging
from displays to flexible electronics®. Realizing high electrical conductivity in
traditionally insulating organic materials necessitates tuning their electronic
structure through chemical doping®. Furthermore, even organic materials that are
intrinsically conductive, such as single-component molecular conductors™, require
crystallinity for metallic behaviour. However, conducting polymers are often
amorphous to aid durability and processability®. Using molecular design to produce
high conductivity inundoped amorphous materials would enable tunable and robust
conductivity inmany applications'®, but there are no intrinsically conducting organic
materials that maintain high conductivity when disordered. Here we report an
amorphous coordination polymer, Ni tetrathiafulvalene tetrathiolate, which displays
markedly high electronic conductivity (up to1,200 S cm™) and intrinsic glassy-
metallicbehaviour. Theory shows that these properties are enabled by molecular
overlap thatis robust to structural perturbations. This unusual set of features results
in high conductivity that is stable to humid air for weeks, pH 0-14 and temperatures

up to 140 °C. These findings demonstrate that molecular design can enable metallic
conductivity evenin heavily disordered materials, raising fundamental questions
about how metallic transport can exist without periodic structure and indicating
exciting new applications for these materials.

Using molecular design to engender high conductivity in undoped
amorphous materials would enable tunable and robust conductivity
inmany applications, but there are nointrinsically conducting organic
materials that maintain high conductivity when completely disordered.
Inorganic glassy metals have been discovered but require careful fab-
rication™. Furthermore, the relationship between metallic behaviour,
which classically requires periodicity giving rise to a well-defined band
structure, and geometric disorder in glassy metals is still unclear™.
Electron-richand redox-active tetrathiafulvalene (TTF) motifs feature
prominently as molecular building blocks in conducting materials®.
Appending thiolate groups to TTF to generate tetrathiafulvalene
tetrathiolate (TTFtt) enables the formation of extended coordina-
tion polymers that combine TTF motifs with electronically complex
transition metal dithiolenes®. Although the promise of these materials
has been recognized, their structure, purity, composition and hence
properties are not well-defined because of synthetic challenges™.
Werecently discovered syntheses for aseries of redox congeners of
capped TTFtt compounds and their facile transmetalation to group 10
metals®. Here we report that this synthetic strategy enables the isola-
tion of the material NiTTFtt in high purity as an amorphous powder.

Despiteits disordered structure, NiTTFtt exhibits notable conductivity,
ashighas1,200 S cm™atroom temperature, and glassy-metallic elec-
tronic behaviour. Theory shows that these properties are enabled by
strong molecular overlap thatis robust to structural perturbations. This
unusual set of structuraland electronic features results in conductivity
that is robust to air, water, acid/base and temperatures up to 140 °C.
Theseresults demonstrate that molecular design can enable metallic
conductivity even in completely disordered materials, raising funda-
mental questions about charge transport mechanisms in disordered
materials and indicating exciting new applications for intrinsically
metallic organic materials.

Synthesis and structure

NiTTFttis synthesized by mixing [TTFtt(SnBu,),][BAr,],(BAr, = tetrakis
(3,5-bis(trifluoromethyl)phenyl)borate, Bu = n-butyl) with excess
[TEA]L,INiCl,] (Fig.1a; TEA, tetraethylammonium). Composition anal-
yses support a Ni:S ratio of 1:8 and confirm the proposed formula of
NiTTFtt with [Bu,Sn][BArf] chain terminations (Supplementary Tables
5and 6). The absence of ammonium counterionsimplies that the TTF
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Fig.1|Synthesis and structure of NiTTFtt. a, Syntheticscheme.b,NiK-edge
X-ray absorption near-edge structure spectrumofamorphous NiTTFtt powder.
¢, PXRD pattern of amorphous NiTTFtt powder. d, Pair distribution function of
amorphous NiTTFtt powder. e, Proposed idealized structure based on

cores have formal 2+ charges, which is also supported by the absence
of electron paramagnetic resonance (EPR) signals® (Supplementary
Fig. 44). X-ray photoelectron spectroscopy (Supplementary Fig. 24)
reveals features at 871 and 854 eV, assigned as Ni 2p,, and 2p,, peaks
respectively, and a satellite at 860 eV associated with a plasmon loss,
all of which are consistent with low-spin (§ = 0) square planar Ni(ll)
centres. The S 2p spectra appear with a head and shoulder pattern
spanning 161-166 eV, indicating multiple sulfur sites in NiTTFtt, and
are similar to spectra of TTF[Ni(dmit),] (dmit, 1,3-dithole-2-thione-
4,5-dithiolate)™. Ni K-edge X-ray absorption spectroscopy shows a
rising edge at 8,338.6(4) eV, which also supports the assignment of
pseudo-D,, Ni(Il) centres (Fig. 1b)".

Thereare only broad featuresin the powder X-ray diffraction (PXRD)
patternfor NiTTFtt, which indicate an amorphous material with domain
sizesofaround1 nm,similartoamorphoussilica® (Fig.1cand Supplemen-
tary Fig. 8). Variable-temperature X-ray scattering and differential scan-
ning calorimetry confirm that thisamorphous structure persists from
-90t0210 °Cwith no phase changes (Supplementary Figs.10 and 63).
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structural characterization of semicrystalline NiTTFtt. f, Hierarchical
structure showing coplanar chains but disordered packinginsheets and
stacks.

We have also investigated the structure of NiTTFtt with X-ray pair distri-
bution function (PDF) analysis (Fig. 1d). The peaks below 3 A can be
assigned to C-C, C-S and Ni-S bonds, and intraring distances. The
peaks between 3 and 4.5 A represent additional interchain distances
and are consistent with typical intermolecular S-S distances in TTF
systems®,

Despite the amorphous nature of NiTTFtt, we have builtastructural
model based on experimental data (Fig. 1e). This model is supported
by attempts to grow more crystalline NiTTFtt by slow diffusion, which
show aPXRD pattern that can beindexed toa monoclinic unit cell (Sup-
plementary Figs. 9 and 21). This unit cellindicates staggered coplanar
chain packings with S-S distances of around 3.4-3.7 A along the mr-stack
and around 3 and 4 A side-to-side between chains. These values are
similar to those observed in the single-component molecular metal,
Ni(tmdt), (tmdt, trimethylene-tetrathiafulvalene-dithiolate)'’, and also
supporttight packing as previously proposed?. This modelindicates
thatthedisordered structure of NiTTFtt arises from one-dimensional
(1D) chains that pack face-to-face into disordered two-dimensional



Table 1| Summary of electronic, thermal, magnetic and
optical properties

Physical properties NiTTFtt
Electrical conductivity (Scm™) 470-1,200
Thermal conductivity (Wm™K™) 6.3(1)
Lorenz number (WQK?) 1.7x1077
Arrhenius fit, E, (meV) 0.08-2.1
Mott 3D VRH fit, T, (K) 13
Efros-Shklovskii fit, Tes (K) 14
Seebeck coefficient (WVK™) -3.6(1)
Pauli paramagnetic susceptibility, Xpa.i (cm®mol™) 6.0x10™
Plasma frequency (cm™) ~12,000
Carrier concentration (cm™) ~10%

(2D) sheets that then pack side-to-side into a three-dimensional (3D)
structure (Fig. 1f). Scanning electron microscopy (SEM) confirms the
presence of 2D flakes (Supplementary Figs.19 and 20). Importantly, this
structure mandates planar NiTTFtt chains that can mt-stack strongly;
both features should facilitate electronic delocalization.

Physical properties

Four-probe conductivity measurements on pressed pellets of NiTTFtt
atroom temperature reveal aconductivity of 470 + 30 S cm™. Pellets
hot-pressed at 200 °C provide values as highas1,200 S cm™ (Table1
and Supplementary Fig. 48). These values make NiTTFtt among the
most conductive organic materials. The thermal conductivity of
NiTTFtt was measured by Raman thermometry as 6.3(1) Wm™ K™
(ref. ?; Supplementary Fig. 51), a value similar to inorganic glassy
metals?, but higher than typical coordination polymers (lower
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Fig.2|Physical properties ofamorphous NiTTFtt. a, Variable-temperature
resistivity (black) and magnetic susceptibility (blue) data. The greenline
indicates a T"fit to the resistivity dataat low temperature accounting for
weak localization and the orangelineindicates alinear fit to the magnetic
susceptibility data with the shown Pauli paramagnetic contribution.

«T (cm® K mol™)

than 0.4 W m™K™)?%. The resulting Lorentz number at 300K,
1.7 x107 W QK?, isroughly one order magnitude higher than that for
most metals, 2.44 x 10" W Q K. This deviation may arise from limited
measurement accuracy but may also be related to weak localization
as seen in molecular conductors®.

Variable-temperature conductivity experiments on pressed pellets of
amorphous NiTTFtt show an almost temperature-independent electri-
calresistivity with only a slight increase at low temperatures (Fig. 2a).
Arrheniusfitting gives an activation energy of 2.1 meV above 60 Kand
0.08 meVbelow 20 K (Supplementary Fig.54). These extremely small
barriers may arise for two reasons. Macroscopic interparticle trans-
port may provide a barrier to charge flow as is frequently observed
in pressed pellets of conducting organic materials’®. Alternatively,
aflat variable-temperature conductivity profile has been observed
for glassy metals with resistivities greater than 150 pQ cm (ref. ).
The increase of resistivity as temperature (7) decreases has been
ascribed to ‘weak localization’ with a characteristic TV upturnin resis-
tivity due to electron-electron interactions. We observe this same
72 dependence at low temperature, indicating similar behaviour in
NiTTFtt. This observation, combined with a finite zero-temperature
extrapolation of the resistivity, indicates that NiTTFtt is best thought
of as having metallic character®.

Charge transport in disordered systems is typically analysed with
variable-range hopping (VRH) models. Application of a 3D Mott VRH
modelto theresistivity dataof NiTTFtt gives T, =13 K, which indicates
a high density of states at the Fermi level (Supplementary Fig. 55).
Ultraviolet photoelectron spectroscopy of a pellet of NiTTFtt also
supportsanon-zero density of states at the Fermi level (Fig. 2b). Values
of T, between 1and 10* K are commonly observed in granular metals
in which hopping between metallicislands is assumed?. The observed
T"2upturninresistivity led us to apply the Efros-Shklovskii VRH model
in this region (Supplementary Fig. 56). The observed linear relation-
shipindicatesthe presence of aCoulomb gap, which furtherindicates
electron-electroninteractions as discussed above. Interestingly, the
T:s value obtained from this fit is extremely small, 1.4 K, indicating
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b, Ultraviolet photoelectron spectrum showing a non-zero density of states at
the Fermilevel. ¢, Specular (black) and diffuse (blue) reflectance data.
AHagen-Rubens fitatlow energyis shown by an orange dashed line (see
Supplementary Fig. 59 foran enlarged view). d, Optical conductivity at the low
energy limitwitha Drude model fit shown by an orange dashed line.
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Fig.3|Theoretical analysis of NiTTFtt.a, Computed band structure ofan
isolated chain.b, Computed band structure of theidealized 3D structure
determined from experimental data. ¢, Orbital diagrams of amolecular dimer

large delocalization lengths®. All these data support glassy-metallic
conductivity in NiTTFtt.

The Seebeck coefficient of NiTTFtt is -3.6(1) pV K™ and its magni-
tudeincreaseslinearly with temperature (Supplementary Fig. 57). The
negative Seebeck coefficient indicates that electrons are the charge
carriers and the small magnitude and linearity with temperature are
commonly observed in metallicinorganic conductors®. The magnetic
susceptibility, x, of NiTTFtt is only weakly temperature dependent,
implying a paramagnetic contribution from charge carriers, namely
Pauli paramagnetism (Fig. 2a). The value of xp,,;, 6 X 107 cm® mol™, is
consistent with reported values in organic metals’®. Finally, we note a
deviationfromlinearity inxTatlow temperatures, which coincides with
theincrease in resistivity and putative weak localization.

We wanted to obtain more detailed quantification of the metallic
nature of NiTTFtt and so we used both diffuse and specular reflectance
spectroscopies®** (Fig. 2c). NiTTFtt has a broad absorption over the
ultraviolet (UV)-visible (vis)-near-infrared (NIR) region up toaround
12,000 cm™ At the low frequency limit, the Hagen-Rubens relation can
beusedto extrapolate the specular reflectance to zero frequency and
thereby estimate the d.c. conductivity asapproximately 4,200 Scm™,
avaluewhichis consistent with four-probe measurements on pressed
pellets (1,200 S cm™). The observed plasma frequency of approximately
12,000 cm™ provides a carrier density of 10! cm, which is similar to
valuesin crystalline metallic polymers?,

We have further analysed the reflectivity data by applying the
Kramers-Kronig transformation (Fig. 2d). Surprisingly, the optical
conductivity from this analysis continuously increases as the fre-
quency goes to zero. This behaviour, particularly in the far-IR region
below 3,000 cm™, is suggestive of Drude behaviour for a classic metal®.
Although the data range and quality limit fitting reliability, analysis
ofthese datawithaDrude model (op(w) = (w gr/4n)(1 +w’r%); w, wave-
number) gives a plasma frequency (w,) of 12,000 cm™, a relaxation
time (1) of 9.0 x 10 s, a d.c. conductivity of 3,300 S cm™, a carrier
density of 3.4 x 10%' cm™ (assuming effective mass m =2m,)*, and a
mean free path of around 2.4 nm (Supplementary Information). Thus,
allfitted and measured values for NiTTFtt across different techniques
are consistent and support metallic behaviour. The Drude-like behav-
iour and small Tis values furthermore raise the possibility of metallic
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of NiTTFttbuilding blocks showing that substantial overlap is maintained
regardless of structural distortions. HONO, highest occupied natural orbital;
LUNO, lowest unoccupied natural orbital.

charge transportlimited by macroscopicinterparticle hopping trans-
port.

Conducting organic polymers and coordination polymers also
exhibit high conductivity, but the mechanism of charge transportin
these materialsis typically not metallic or intrinsic and relies on doped
charge carriers®. Inintrinsic molecular conductors, metallic character
isalwaysaccompanied by crystalline order. The properties of NiTTFtt,
which exhibits intrinsic metallic charge transport with a disordered
structure, are thus highly unusual. We have therefore undertaken
detailed theoretical analyses of NiTTFtt.

Theoretical analysis

Density functional theory (DFT) calculations were performed on 1D
chains and 3D stacks of NiTTFtt on the basis of our structural model.
Interestingly, isolated 1D chains of NiTTFtt show semi-metallic behav-
iour but metallic band structure forms on 3D assembly (Fig. 3a,b
respectively). Analysis of the band structure shows that metallic
character arises from both m-stacking interactions within the 2D
sheets (I'to Z), as well as side-to-side S-Sinteractions between sheets
(I'to X).Similar interactions have been invoked in single-component
molecular conductors’. We have also analysed why the metallic char-
acter of NiTTFttis maintained with disorder by examining molecular
models that can be systematically distorted (Fig. 3c). Two molecular
fragments of NiTTFtt were fixed at positions that vary the slip,
n-stacking and side-to-side distances as well as the interchain twist
angle. The electronic structures of these models were analysed by
variational two-electron reduced density matrix complete active
space self-consistent field*® and DFT calculations. This analysis
demonstrates that the molecular fragments of NiTTFtt have sub-
stantial electronic overlap that is notably robust to disorder. This is
illustrated by the fact that the highest occupied natural orbital-lowest
unoccupied natural orbital gaps have little to no change with struc-
tural distortions (Supplementary Tables 7 and 8 and Supplementary
Figs. 81 and 83). These computations explain how metallic charac-
ter is preserved in amorphous NiTTFtt: periodicity is disrupted by
small-scale structural disorder, but this disorder is not large enough
to disrupt overlap and delocalization.
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Thermal, aerobic and acid/base stability

The combination of structural disorder and intrinsic metallic character
in NiTTFtt suggests some advantageous properties. Organic conduc-
tors, including n-type conducting polymers*, coordination polymers
such as Cu,(benzenehexathiolate)® and molecular conductors, typi-
cally suffer from fast degradation when exposed to air, acid/base or
heat?®. Metallic character in these systems arises from their crystalline
structure, which canbe disrupted with sufficient thermal energy (that
is melting or decomposition), and exposure to air and heat leads to
chemical reactions that remove charge carriers and reduce conductiv-
ity®. Although these are issues for most conducting organic materials,
the disordered structure and intrinsic electronic properties of NiTTFtt
suggest that it should be more robust.

Thermal stability measurements show that NiTTFtt is stable both
under N, gas (up to 270 °C) and, notably, in air (up to 235 °C, Fig. 4a,
Supplementary Fig. 62). Inspired by the stability of NiTTFtt, we moni-
tored its sheetresistance (Ry,...) in air while heating and cooling between
20 and 140 °C (Fig. 4b). The high electrical conductivity of NiTTFtt is
preserved evenunder these comparatively harsh conditions. Interest-
ingly, pellets left in air (ambient or 100% humidity) over a month also
show no conductivity loss (Fig. 4c and Supplementary Fig. 67). More
remarkably, tests with acid/base demonstrate that the conductivity
of NiTTFtt is relatively stable over pH 0-14 (Supplementary Figs. 70
and 71). Inspired by these observations, we generated light-emitting
diode light bulb circuits with NiTTFtt, Cu foil and commercial
poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate) (Supple-
mentary Figs. 68 and 69). The light-emitting diode brightness with
NiTTFttis similar to or better than these common conductors. These
data demonstrate that the unusual combination of intrinsic metallic
character withanamorphous structure in NiTTFttimparts substantial
stability for conductivity with heat, air and acid/base.

Conclusion

Organic conductors are an enormously important class of materials.
Realizing conductivity in normally insulating organic materials typi-
cally requires optimization of their electronic structure through dop-
ing and their geometric structure through crystallinity. However, the
requirement for doping and crystallinity imposes restrictions on
composition and stability. Here we report an unusual new material,
NiTTFtt, that is structurally amorphous, precluding a classical band
structure. Nevertheless, detailed characterization of NiTTFtt reveals
high conductivity and a metallic character. Theory shows that the
presence of this metallic behaviour is enabled by overlap between
the molecular units of NiTTFtt thatis insensitive to structural distor-
tions. Although anin-depth understanding of the microscopic details
of charge transport in NiTTFtt requires further studies, we propose

Temperature (°C)

Time (days)

inambient air and blue symbols show the resistance in 100% humid air. The data
pointsinband crepresentthe average and error bars represent standard
deviations.

that the metallic character arises from the conjugated NiTTFtt chains
thatgenerate aninfinite msystem and a negligible bandgap combined
with efficient interchain orbital overlap that is robust to structural
disorder. The robustness of NiTTFtt to structural disorder may be
understood in the Anderson localization framework in which suffi-
ciently wide bandwidths maintain a delocalized metallic state around
the Fermilevel evenas structural disorder is introduced® (Supplemen-
tary Fig. 88). Regardless of the exact mechanism, the juxtaposition of
metalliccharacter and disorder in NiTTFtt provides notable thermally
and aerobically stable conductivity. These results demonstrate that
the use of molecular units that have strong overlap, and subsequently
strong electronic delocalization, can lead to metallic character even
inamorphous materials.
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Methods

Synthesis

Unless otherwise noted, all synthetic manipulations were performed
under aninert atmosphere of dry N, using a Schlenk line or a N,-filled
MBraun UNILab glovebox. Dichloromethane (DCM) was initially dried
and sparged with Ar onasolvent purification system from Pure Process
Technologies and stored over 4 A molecular sieves. Methanol (MeOH)
was dried withNaOH, distilled before being transferred and then passed
through activated alumina and stored over 4 A molecular sievesin the
glovebox. TTFtt(SnBu,),, FcB?°BAr}and [TEA],[NiCl,] were synthesized
following previously reported procedures'>>¢,

NiTTFtt. TTFtt(SnBu,), (0.667 mmol, 266 mg) in 5 ml DCM was mixed
with FcB°BArY, (1.33 mmol, 1.54 g) in 5 ml DCM resulting in a homo-
genous dark purple solution. The resulting solution was added into a
10 mIMeOH solution of [TEA],[NiCl,] (2.00 mmol, 920 mg) with vigorous
stirring. The mixture was stirred at 40 °C overnight. The solid product
wasisolated by centrifugation and washing with DCM (3x 12 ml), MeOH
(1x12 ml) and DCM (1x 12 ml) sequentially. After being dried under
vacuumat 100 °C overnight, 235 mg of NiTTFtt was isolated as a black
powder (91%).

Semicrystalline NiTTFtt. TTFtt(SnBu,), (0.040 mmol, 43 mg) in 0.4 ml
DCM was mixed with FcB2°BAr', (0.080 mmol, 93 mg) in 0.4 mIDCM to
form ahomogenous dark purple solution. After mixing, 0.8 ml of this
dark purple solution was added into a clean 5 ml shell vial and 2.4 ml
ofal:1DCM:MeOH solution (by volume) and then 0.8 ml of pure MeOH
were slowly layered on the DCM layer sequentially, forming three dis-
tinctlayers. Finally, a 0.8 mIMeOH solution of [TEA],[NiCl,] (0.12 mmol,
55 mg) and LiCl (0.40 mmol, 17 mg, as an optional modulator) was
layered ontop. The shell vial was carefully capped and placed ina sec-
ondary 24 ml vial that was allowed to sit and diffuse for 5 days. The
resulting black powders were collected and washed identically to the
procedure for amorphous NiTTFtt described above yielding 13 mg
(85%).

Pressed pellets. Pressed pellets were prepared at 800 MPain the glove-
box by using a hydraulic pellet press (TMAX-15T) and dies with different
sizes (7, 8 and 12 mm round dies and 6 mm square dies). Hot pressing
was carried out with an additional heated die (13 mm Across Inter-
national heated die with digital controller). Before pressing, powders
were ground to particle sizes below 20 um. For hot-pressed samples,
240 mg of powder was ground with a ball mill (Spex SamplePrep 5100
Mixer miller, 440C steel balls) for 15 min (in air) and loaded into 13 mm
round dies that were preheated to 150-200 °C (under N,). During
pressing the pressure was maintained for 5-20 min after stabilizing
at800 MPa. The thickness of the pressed pelletsis around 100-300 pum.

Structural characterization

X-ray powder diffraction. PXRD for screening reaction conditions was
performed on a SAXSLAB Ganesha equipped with a Xenocs GeniX3D
CuKasource. Samples wereloadedinto 0.8-1.1 mminternal diameter,
0.25 mmwall borosilicate capillaries and sealed with wax. Datareduc-
tion and integration was performed using the Saxsgui software. In
addition, a Rigaku SmartLab X-ray diffractometer equipped with a
HyPix3000 detector was used for measurementsin either transmission
or reflection modes. For transmission, both samples of amorphous
and semicrystalline NiTTFtt were loaded into 1.0 mm outer diame-
ter, 0.01 mm wall borosilicate capillaries as fine powders and sealed
with wax. All measurements were carried out with Cu Ka radiation
(1.54186 A). Scans were measured using a parallel beam mode selected
through the attached Cross Beam Optics. The tube was energized at
44 mA and 40 kV. The data collection was completed in the SmartLab
Studio Il software package (v.4.4.241.0).

Synchrotron X-ray powder diffraction. Synchrotron PXRD was col-
lected at beamline 11-BM at the Advanced Photon Source (APS) at
Argonne National Laboratory. The sample of semicrystalline NiTTFtt
was loaded into Cole Parmer Polyimide tubing provided by the beamline
and capped with clay. The powders were rotated during the measure-
ment at around 50 Hz. The powder patterns were measured at 295 K
using awavelength of 1 = 0.458126 A, from 0.5to 50° 20 with astep size
of 0.001° and a counting time of 0.1 s per step.

X-ray absorption spectroscopy. Powder samples were prepared
by grinding finely with polypropylene as a binder. A Teflon washer
(5.3 mm internal diameter) was sealed on one side with Kapton tape
and the ground powder was then transferred to the inside of this ring
before compacting with a Teflon rod and sealing the remaining face with
Kaptontape. X-ray absorption near-edge spectra of NiK-edge (8,333 eV)
data were acquired at the MRCAT 10-BM beamline in transmission at
APS at Argonne National Laboratory with a bending magnet source
withringenergy at 7.00 GeV. Data collected were processed using the
Demeter software suite®” by extracting the extended X-ray absorption
fine-structure oscillations x(k) as a function of photoelectron wave-
number k. The theoretical paths were generated using FEFF6 (ref.>®)
and the models were done in the conventional way using the fitting
program Artemis.

X-ray total scattering and paired distribution function analysis.
Samples were loaded into Cole Parmer Polyimide tubing provided by
the beamline and capped with clay. High-energy X-ray total scattering
experiments were performed at11-ID-B at the APS, using an X-ray wave-
length of 0.2115 A. The raw 2D data were azimuthally integrated and
reduced to1Dintensity versus 20in GSAS-II* using CeO, powder for the
calibrationto determine sample to detector distance. The xPDFsuite pro-
gram*’was used to correct and normalize the diffraction dataand then
Fourier transform the reduced structure factor to obtain the PDF, G(r).

Scanning electron microscope. SEMimages were takenon a Carl Zeiss
Merlin using the In-Lens detector in the Materials Research Science
and Engineering Center at the University of Chicago. The accelerating
voltage is 5.00 kV.

Composition and vibrational characterization

X-ray photoelectron spectra. X-ray photoelectron spectra were col-
lected with the AXIS Nova spectrometer (Kratos Analytical) equipped
with amonochromatic Al Ka X-ray source. The Alanode was powered
at10 mA and 15 kV. The instrument work function was calibrated to
give a Au 4f;,, metallic gold binding energy of 83.95 eV. The instru-
ment base pressure was around 1 x 10 Torr. The analysis area size
was 0.3 x 0.7 mm?Z. For calibration purposes, the binding energies were
referenced to the C1s peak at 284.8 eV. Survey spectra were collected
with astep size of 1and 160 eV pass energy.

Ultraviolet photoelectron spectra. Ultraviolet photoelectron spec-
troscopy were collected with the AXIS Nova spectrometer using a
UV-radiation source. The high-resolution spectra were collected with
apassenergy of40anda0.1eVstepsize. Then7 mm cold pressed pellets
were affixed to conductive carbon tape under N, before loading into
the spectrometer.

Inductively coupled plasma-mass spectrometry/optical emission
spectroscopy. Inductively coupled plasma (ICP)-mass spectrometry
(MS) datawas obtained with an Agilent 7700x ICP mass spectrometer
and analysed using Mass Hunter v.B01.03. Solutions for ICP-MS were
prepared by digesting 2 mg of materialin1 mIHNO; (trace metal grade)
solutioninafumehood overnight and diluting with ultrafiltered deion-
ized water. An Agilent 700 series spectrometer was used for ICP-optical
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emission spectroscopy (ICP-OES). The sample preparation was referred
to the reported procedure* to improve the accuracy of sulfur deter-
mination. Solutions for ICP-OES were prepared by digesting 2 mg of
materialsin 0.5 mIHNO;and 0.5 mlH,0, (trace metal grade) solutions
intight-sealed high-density polyethylene centrifuge tubes overnight
and then diluting with ultrafiltered deionized water.

X-ray fluorescence. X-ray fluorescence measurements were performed
on pressed pellets with a Rigaku NEX DE VS spectrometer under a He
atmosphere.

Combustion elemental analyses. Combustion elemental analyses
(C,H,N) were performed by Midwest Microlabs.

Electron paramagnetic resonance. EPR spectrawere recordedona
Bruker Elexsys E500 spectrometer with a quartz finger dewar at 77K.
NiTTFtt was mixed and ground with dry KBr powder into a uniform
mixture (of concentration around 0.5 mg per1gKBr). This ‘solid matrix’
was loaded into the EPR tube to fillabout 0.1 ml volume.

Infrared spectra. Infrared spectrawere recorded on a Bruker Tensor Il
Fourier transform infrared spectrometer with a mercury-cadmium-
telluride detector operated at 77 K. Data were processed and back-
ground corrected with OPUS software (v.7.5). Samples were prepared
under N, by grinding solid sample with dry KBr powder, pressed as
pellets and measured in air under ambient conditions.

Raman spectra. were obtained with aHoriba LabRamHR Evolution con-
focal microscope. A Si(111) wafer was used for calibration. The sample
ofa7 mmround pressed pellet of NiTTFtt powder was excited using a
532 nm light source operating at 5% of its power and using 100x long
pathobjective and a600 mm™ grating.

Physical characterization

Room-temperature electrical conductivity and Seebeck measure-
ments. Room-temperature electrical conductivity and Seebeck meas-
urements are based on a previously reported setup*’. Gold electrical
contacts (75 nm thick) were deposited onto 8 mm pressed pellets by
thermal evaporation through home-made shadow masks. Four-probe
conductivity measurements were performed using a custom-designed
probe station in an argon-filled glovebox. Voltage and current meas-
urements were performed using a Keithley 2400 source meter and a
Keithley 6221 precision current source. The Seebeck coefficient meas-
urements were performed on the same probe station. Two Peltier ele-
ments were placed 5 mm apart to provide the temperature difference
(AT =T, - To). Twothermocouples were used to collect the hot (7,;) and
cold (T¢) side temperatures, and two probes were used to measure the
corresponding voltage value. Aminimal amount of thermally conduc-
tivesilicone paste was applied to the tips of the thermocouple to ensure
good thermal contact between the thermocouple and the gold pads.
A delay of 200 s was used for voltage measurements to ensure that a
steady-state temperature gradient and voltage (V) were reached. The
Seebeck coefficient was calculated from the slope of alinear fit for the
AVversus AT plot. The measurements were taken within an approximate
ATof +3 Karound 300 K.

Thermal conductivities. Thermal conductivities of the samples were
determined through single-laser Raman thermometry using the same
confocal Raman microscope discussed above on the basis of areported
method®. InRaman thermometry, afocused laser beam is used as aheat
source whereas the temperature-dependent Raman spectraare used as
athermometer. First, the spectral positions of the Raman peaks around
495 cm™ were measured as a function of the incident absorbed laser
power (1=532 nm). The laser power was varied by using 0.1,1, 2.5 and
5% of the maximum power of the 532 nm light source. The individual

powers were examined with aSi power detector. The operational setup
also includes a100x long path objective and an 1,800 mm™ grating.
Second, the shiftin the spectral position of the Raman peaks is recorded
asafunctionoftemperature, whichis controlled externally by aLinkam
cryostatin air.

The temperature rise in the laser spot region for the case of a
semi-infinite medium can be written as AT = P, /TtRk, where P, is the
laser power absorbed by the sample, Ris the Gaussian spot radiusand
kisthethermal conductivity of the specimen. Ris calculated by using
the ToptiCalc program and based on the technical information of the
laser source and the lens.

Variable-temperature electrical resistance. A strip of double-sided
polyimide tape was placed on a d.c. resistivity/Electrical Transport
Option (ETO) sample puck (Quantum Design P102), which serves as
an electrical insulator, and then pressed pellets with 75-nm-thick de-
posited gold contacts were put onthe top of the tape. Then 0.015 inch
outer diameter indium wires were used to bond to the gold nodes of the
samples. The puck was thenloaded into a physical property measure-
ment system (Quantum Design) under a He-filled inert atmosphere.
Thefour-point probe resistivity measurements on a13 mm hot pressed
pellet and two-point probe resistivity measurements on 8 mm cold
pressed pellets were carried outinana.c. mode with ad.c. excitation of
1mA. The temperature-dependent resistivity and/or resistance meas-
urements were performed from300Kto 2 K.

Variable-temperature Seebeck coefficients. Variable-temperature
Seebeck coefficients were measured with a MMR Technologies Inc.
K-20 Programmable Temperature Controller and a P-100 Program-
mable Seebeck Controller. A1 mm x 4 mm piece of a pressed pellet
was gently put between the electrodes of the sample chip. Ag epoxy
(Epoxy Technology H20E) was used for the connection between the
sample and the electrodes. The sample chip was heated in a muffle
furnaceat175 °C for 0.5 hfor complete curing, before loading the chip
into the sample device.

Solid-state magnetic measurements. Solid-state magnetic measure-
ments were performed ona Quantum Design MPMS3 SQUID magneto-
meter. The bulk powder of the sample (36.0 mg) was suspended inan
eicosane matrix in a polycarbonate capsule to prevent movement.
Diamagnetic corrections for the capsule and eicosane were made by
measuring temperature versus momentin triplicate for eachto deter-
mine amoment per gram correction. Diamagnetic corrections for the
sampleitselfwere applied using Pascal’s constants of each atom on the
basis of the formula of NiC,Ss.

Hall effect measurements. A 6 x 6 mm? pressed pellet (264 pm)anda
double-sided polyimide tape was put on the sample puck (P102). Hall
effect experiments were carried out on a physical property measure-
ment system at 300 K. The maximum current of 5 mA was used during
the test. While the magnetic field (H) was scanned between 0 and 7 T, the
Hallresistance (R,,) was measured from the Hall voltage (V,,,,) over the
current (/) (R,,(Via/D). The Hall coefficient (R, = dR,,/dH) was calculated
onthebasis of alinear fit of the R, ,-H plot.

UV-vis-NIR diffuse reflectance spectra. UV-vis—NIR diffuse reflec-
tance spectra were collected on a Varian Cary 5000 spectrophotom-
eter with powder samples loaded in a Praying Mantis air-free diffuse
reflectance cell with KCl powder as the non-adsorbing matrix. The
Kubelka-Munk conversion of the raw diffuse reflectance spectrum
was obtained by applying the formula F(R) = (1-R)*/2R, where F(R) is
the Kubelka-Munk function and Ris the diffuse reflectance.

UV-vis-NIR specular reflectance spectra. UV-vis—NIR specular
reflectance spectra (200-2000 nm) were collected on a Shimadzu



UV-3600 Plus UV-vis-NIR spectrophotometer with a 5-degree rela-
tive specular reflectance accessory. IR specular reflectance spectra
(570-8,000 cm™) were collected with 64 scans ataspectral resolution
of 4 cm™ on an IR microscope (Hyperion 2000, Bruker Optics Inc.)
coupled to a Fourier transform infrared spectrometer (Vertex 70,
Bruker Optics Inc.) with a mid-IR glowbar source. As the rough sur-
face of the pressed pellet causes non-specular reflectance light loss
compared with mirror standards, the experiments were conducted
following a reported method* based on pressed pellets with a metal
coating. First, a12 mm pressed pellet of NiTTFtt was coated with a
100-nm-thick aluminium layer covering half of one of the faces and
on the other face a100-nm-thick gold layer was applied in the same
way. Second, for UV-NIR reflectance spectra, we measured the rela-
tivereflectance of both the sample surface and the aluminium-coated
surface separately with respect to the aluminium mirror. Finally, the
absolute reflectance spectrum of NiTTFtt was obtained by dividing
the sample’s reflectance with that of the aluminium-coated surface.
For the IR spectrum, the method is similar but, instead of aluminium,
gold was used as the reference.

Stability tests

Thermogravimetric analysis. Thermogravimetric analysis was
performed using a TA Instruments Discovery analyser. Approxi-
mately 2 mg of sample was loaded into a pre-tared Pt pan and meas-
ured under N, or air. Samples were measured from 35 °C to 700 °C
using a linear temperature ramp of 10 °C min™’. The decomposition
temperature was defined to be the temperature at which less than
95% mass was left.

Differential scanning calorimetry. Differential scanning calorimetry
analysis was performed using a TA Instruments Discovery analyser.
Approximately 5 mg of sample was loaded into a pre-weighted Tzero
aluminium pan and sealed with a Tzero hermetic lid with a TA Instru-
ments press in an N,-filled glovebox. Samples were measured in the
ranges of —90-150 °C and 20-210 °C using a linear temperature ramp
of 10 °C min™.

High-temperature variable-temperature resistance. A7 mm pressed
pellet (thickness, 162 pum) was symmetrically deposited with four gold
nodes on the edges. The heated resistance measurements were car-
ried out in air with a home-made setup. A polyimide flexible heater
(PLM-106/10-P) was used as the heat source, and its temperature was
read and controlled by atemperature controller (Digi-Sense Advanced
Temperature Controller, Cole Parmer). The sample temperature was
read by a thermometer (Traceable Thermocouple). The sheet resist-
ances were measured by a Semiconductor Device Analyser (Keysight
B1500A) using the van der Pauw method.

Long-termin-airresistance measurements. After the high-temperature
varied-temperature resistance measurements were done, the same
setup and sample were maintained in air and the resistance at room
temperature was examined every 2 days. For humid air tests, another
gold-deposited pellet was loaded in a water-filled zip bag and its
conductivity was examined every 3-4 days.

Theoretical calculations

Band structure calculations. In these calculations, we determined
the band structure and density of states for the 3D dimer, 3D mono-
mer and 1D monomer models using DFT in Quantum espresso*#4,
Thekineticenergy cutoffofbasis plane-wave functions (100 Ry), Marzari-
Vanderbilt-DeVita-Payne cold smearing® temperature (0.001Ry),
energy convergence threshold (1 x 108 Ry) and k-point sampling were
optimized toreduce errorin the band structure. All calculations used
aprojector-augmented-wave pseudopotential with a Perdew-Burke-
Ernzerhoffunctional and anonlinear core correction from PSlibrary**+,

Band paths and Brillouin zone images were generated using the
XCrySDen tool*s,

Molecular calculations. Abimolecular model was constructed from
the NiTTFttstructure to emulate some possible interlayer interactions
presentinthe amorphous extended structure, with the individual unit
displayedinSupplementary Fig.79. B3LYP/6-31G* DFT calculations with
the GD3BJ dispersion correction were performed to find the potential
energy surface of the bimolecular model, aiming to investigate the
stability of the NiTTFtt coordination polymer solid with respect to
structural distortions.

Data availability

Allrelevantdataisincludedinthe supplementary information. The raw
datasets are available from the corresponding author upon request.

Code availability

The codes used in this study are available in the repository at https://
github.com/damazz/NiTTFtt.
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