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Abstract

Two new compounds containing tetrathiafulvalene (TTF) cations with extended

and discrete anions based on Bi and I are reported. The compound (TTF)BiI4 com-

prises [BiI2I4/2]− chains of edge-shared octahedra that are interspersed with stacks of

TTF+•. The compound (TTF)4BiI6 has mixed-valence stacks of TTF and TTF+• and

discrete molecules of TTF+• separated by discrete [BiI6]−3 anions. The optical and

electrical transport properties of these compounds are reported. Due to the mixed-

valence stacks of TTF, (TTF)4BiI6 is the significantly better electrical conductor than

(TTF)BiI4, despite the discrete nature of the inorganic moiety.

Introduction

Hybrid organic-inorganic materials combine the easily tuned properties of designer or-

ganic compounds with functionally and chemically diverse inorganic networks. A high

degree of control is possible in such systems, enabling design of materials which can

exploit the benefits of the organic and inorganic components. Tetrathiafulvalene, the

functional organic cation found in the title compounds, is a precursor to some of the

earliest organic metals and was chosen here for its propensity to form extended π − π

stacks in the solid state. TTF was first reported by Wudl et al. in the early 1970’s1,2

and further studies have exploited the ability of TTF and its derivatives to donate

electrons,3,4 superconduct,5 and aid magnetic communication.6 Prior examples of TTF

and TTF derivatives containing metal-halide compounds include the superconducting

hybrid of bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) with tetracyanometallates,7

ethylenedithio-tetrathiafulvalene (EDT-TTF) compounds of Ag and Pb iodides that are

metallic,8,9 the insulating (BEDT-TTF)BiI4,10 and semiconducting (BEDT-TTF)BiBr4 and

(BEDT-TTF)2[Au(i-mnt)2,11 TTF3(SnCl6),12 and BEDT-TTF and EDT-TTF salts with Te and

I.13 All aforementioned compounds had electrical and optical properties heavily influenced

by the packing of the TTF related moiety.
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Interestingly, TTF based molecular-organic frameworks (MOFs) also show structure

dependent electrical properties related to how the TTF π − π systems interact along the

framework. Recent work by Dincă and coworkers found a direct correlation between S–S

atomic distances between neighboring TTF molecules on the overall conductivity of tran-

sition metal containing MOFs.14,15 Alternatively, there are also MOFs which incorporate

electronically active organic molecules into the porous voids (rather than in the frame-

work) to promote charge transport by coupling to the metal centers.16–18 Recent reviews

describe the general design challenges surrounding conductive MOFs,19–21 and summa-

rize current state-of-the-art material performance. To date, the most conducting MOF

(Cu3(BHT)2)22 has a conductivity of 1.58× 103 S cm−1 which is comparable to two of the

most studied organic metals, NMP+TCNQ−• and TTF+•-TCNQ−•.23–25

The high conductivity of NMP+TCNQ−• and TTF+•-TCNQ−• is attributed to a back

charge-transfer wherein no well-defined neutral species are seen in the crystallography of

these compounds, but the properties displayed suggest the presence of some small fraction

of such neutral species (due to back charge-transfer), facilitating high measured conduc-

tivities. We recently reported a monovalent TTF hybrid, similarly containing no neutral

TTF (TTF0), but only radical cations TTF+•: (TTF)Pb2I5,26 displaying synergistic optical

and electronic properties associated with back charge-transfer between the TTF+• stacks

and the extended Pb–I network. Low energy (sub 1.0 eV) optical signatures were observed

in the powder optical absorption spectrum of (TTF)Pb2I5, which are usually only seen in

spectra of mixed-valence TTF halide salts, and attributed to an efficient hopping charge-

transfer along the mixed-valence TTF stacks.27,28 Furthermore, (TTF)Pb2I5 also displayed

conductivity much higher than related monovalent TTF+• salts.29 Here we report two new

tetrathiafulvalene-containing hybrid compounds with Bi and I anion networks. All the

TTF are monovalent in (TTF)BiI4, while (TTF)4BiI6, with TTF and TTF+•, displays mixed-

valence which appears to have profound implications for electrical transport; (TTF)4BiI6

is significantly the better electrical conductor. The compounds contain varying degrees
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of metal-iodide and TTF+• connectivity, providing a good comparison between hybrid

monovalent and mixed-valence TTF bismuth-iodide salts. Additionally, one of the bismuth

containing systems, (TTF)4BiI6, crystallizes in a unique structure type where monovalent

TTF+• is isolated from an extended network of neutral TTF and TTF+•. To our knowledge

this is seldom seen in TTF-derivative compounds and has yet to be documented for TTF+•

compounds. We also pay close attention to the potential nature of electronic interactions

between the inorganic framework and the TTF stacks in (TTF)BiI4.

Results and Discussion

Figure 1: (a) The full structure of (TTF)BiI4 looking down the a-axis, emphasizing the stag-
gered stacks of TTF+• dimers. (b) Alternate perspective of (TTF)BiI4 looking down the c-
axis, illustrating the commensurate stacking of TTF+• dimers with edge sharing [BiI2I4/2]−

chains. (c) Full crystal structure of (TTF)4BiI6 looking down the c-axis. This view empha-
sizes the mixed-valence TTF comprising alternating TTF+• dimers (i) and neutral TTF (ii)
stacked along the b-axis, as well as the alternating, isolated TTF+• (iii) disposed normally
to the a-axis. (d) Full Crystal structure of (TTF)4BiI6 looking down the b-axis, emphasizing
the BiI−3

6 octahedra and eclipsed nature of the mixed-valence TTF stack.

The panels of Figure 1 depict the structures of the TTF–Bi–I compounds solved from

single crystal X-ray diffraction (crystallographic details in Table 1). All crystallographic

representations were created using the VESTA software suite.30 Figure 1(a) and (b) de-

pict (TTF)BiI4 projected down two different axes that allow the relative disposition of
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Table 1: Crystallographic Data for (TTF)BiI4 and (TTF)4BiI6, 296 K

Empirical Formula C6S4H4BiI4 C24S16H16BiI6
Crystal habit, color Plate, red Block, red

Crystal system Monoclinic Triclinic
Space group Cc P 1̄

Volume (Å3) 3348.3(7) 1171.4(1)
a (Å) 7.6774(9) 10.237(8)
b (Å) 31.819(4) 10.460(5)
c (Å) 14.159(2) 11.166(8)
α (◦) 90 84.28(1)
β (◦) 104.535(2) 80.45(2)
γ (◦) 90 85.85(3)

Z 8 1
ρ (g mol−1) 920.91 1787.71

Dens. (g cm−3) 3.654 2.534
Abs. (mm−1) 18.40 8.449

F000 3192 817
Reflections (unique) 22352 (7334) 10557 (4839)

Rint 0.0365 0.1048
R1 0.0357 0.0591

wRR 0.0898 0.1347
∂F (eÅ−3) 1.530 and −1.142 2.396 and −1.126

GOF 1.012 1.019
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the TTF+• dimer stacks and edge-shared [BiI2I4/2]− chains to be clearly distinguished.

Such chains of [BiI2I4/2]− have been previously noted in the crystal structure of [BEDT-

TTF]BiI4.10 It is interesting to note that the staggered TTF+• dimer stacks are commensu-

rate with the anionic Bi–I lattice. (TTF)BiI4 is similar to the aforementioned (TTF)Pb2I5 26

in that both are monovalent TTF+• salts with staggered infinite dimer stacks. However, of

these two compounds, (TTF)BiI4 has decreased metal-iodide connectivity (1D rather than

2D). Additionally, we note that the structure was solved in the space group Cc, and not in

the higher symmetry space group C2c because the two fold symmetry of the latter was not

compatible with the orientation of the TTF+• packing motif.

Figure 1(c) and (d) display different views of the structure of (TTF)4BiI6 and illustrate

the isolated BiI−3
6 octahedra and the unique TTF moieties: charged TTF+• cations and

neutral TTF [indicated in Figure 1(c)]. Crystallographically, neutral TTF is distinguished

from TTF+• by the shorter bond distances within and between the rings.31 The ordered,

mixed-valence TTF stacking in (TTF)4BiI6 is different to most other mixed-valence halide

salts, where the TTF stacks are more disordered,27,28 and furthermore, the structure type

of (TTF)4BiI6 is quite unique due to the isolated TTF+• seen. It is uncommon to find an

discrete TTF+• and to our knowledge is the only example of this type of TTF+• packing.

There are some similar structure types with TTF derivatives, such as (BDT-TTP)3I32 and

α−(TTM-TTP)2I3,33 but these TTF derivatives pack in herringbone fashion, whereas in

(TTF)4BiI6, the isolated TTF+• stack perpendicular to neutral TTF, forming TTF+•−TTF0

columns throughout the structure.

Figure 2 presents experimental and simulated electron spin resonance (ESR) spectra for

polycrystalline solid state samples of (TTF)BiI4 and (TTF)4BiI6, confirming the presence of

the radical cation speacies TTF+• in both compounds. Simulations were carried out using

the EasySpin34 code. Figure 2(a) shows the relatively easily described (TTF)BiI4 spectra,

simulated with three g values centered at 2.0086. The simulated spectra of (TTF)4BiI6 on

the other hand, required eight different g tensors, potentially corresponding to the three
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Figure 2: Solid-state room temperature ESR spectra of (a) (TTF)BiI4 and (b) (TTF)4BiI6.
Simulations for each are displayed as well. The g-values employed for the simulation of
the spectrum for (TTF)BiI4 were 2.0054, 2.0086, and 2.0111. Eight different g values:
2.0184, 2.0150, 2.0118, 2.00870, 2.0051, 2.047, 2.0010, and 1.9990 were required to
simulate the spectrum of (TTF)4BiI6.
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crystallographically distinct TTF+• moieties found in the crystal structure.

Figure 3: Normalized Kubelka-Munk transformed UV-vis diffuse reflectance powder spec-
tra of (TTF)BiI4, (TTF)4BiI6. Data for (TTF)Pb2I5 are displayed for comparison.

Table 2: Assignment of diffuse reflectance optical absorption data for (TTF)BiI4 and
(TTF)4BiI6, 296 K

E (eV) Suggested transition (TTF)BiI4 (TTF)4BiI6
0.70 TTF+• + TTF0 → TTF0 + TTF+• medium strong
1.50 2 TTF+• → TTF0 + TTF2+ strong weak
2.30 TTF+•(dimer)→ excited TTF+•(dimer) medium weak
3.10 TTF+•(dimer)→ excited TTF+•(dimer) medium weak

Figure 3 displays the diffuse reflectance absorption spectra of the title compounds, as

well as of the related material (TTF)Pb2I5, for comparison. Table 2 lists the observed peaks

and previously attributed transitions.28 The diffuse reflectance spectra show features seen

in most TTF+• salts, including absorptions peaking near 1.5 eV that has been attributed to

intra-dimer charge transfer, (2TTF+•→ TTF+2 + neutral TTF), as well as absorptions near

2.3 eV and 3.1 eV which correspond to molecular transitions of the TTF+•.27,28 The spec-

trum of (TTF)BiI4 shows the strongest absorption at 1.5 eV and displays weaker absorp-

tions at 2.3 eV, 3.0 eV, and 0.70 eV. When compared to the similarly structured (TTF)Pb2I5,
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this increased 1.5 eV absorption in (TTF)BiI4 could be due to the decreased dimer-dimer

eclipsing, which prevents long range charge transfer through the stack. The powder ab-

sorption spectra of both (TTF)BiI4 and (TTF)Pb2I5 also show absorptions below an energy

of 1.0 eV. Absorptions below an energy of 1.0 eV can be attributed to charge transfer be-

tween neutral TTF and TTF+•, and are primarily seen in spectra of mixed-valence TTF

salts [eg. (TTF)Br0.71, (TTF)I0.71, (TTF)SCN0.57]27,28 and not in the spectra of monova-

lent salts. For the (TTF)Pb2I5 material, these absorptions were attributed to back charge-

transfer between the TTF+• stacks and the inorganic networks. However, one explanation

for these signatures is that in most monovalent salts the dimer pairs do not pack favorably

for charge transfer (herringbone fashion). In (TTF)Pb2I5 and (TTF)BiI4 dimers are packed

parallel and close enough to π − π stack, which should facilitate this sub 1 eV hopping

transition throughout respective TTF+• stacks. We believe this to be part of the story for

why these absorptions are seen in diffuse reflectance spectra, but as we will show, other

behavior in these monovalent salts suggests back-charge transfer between the metal iodide

network and TTF+• stacks. The powder optical absorbance spectrum of (TTF)4BiI6 is pri-

marily absorption in the NIR due to the presence of free carriers in the material. These NIR

absorptions dwarf the interdimer and molecular TTF+• absorptions above 1.0 eV. Absorp-

tions below an energy of 2.1 eV in the spectra displayed here are not associated with the

inorganic network. This is because most bismuth iodide systems maintain a constant band

gap near or greater than 2.1 eV, regardless of metal-iodide connectivity and structure.35

Table 3: Single crystal NIR optical data for (TTF)BiI4, 296 K

E (eV) Suggested transition 0◦ 90◦

0.73 TTF+• + TTF0 → TTF0 + TTF+• weak weak
0.85 Bi-Im + TTF+•→ Bi-Im + TTF0 strong absent
1.15 Bi-Im + TTF+•→ Bi-Im + TTF0 strong medium
1.50 2 TTF+• → TTF0 + TTF2+ strong strong

Single crystal polarized light experiments have been performed prior with other TTF+•

containing salts as a way to isolate charge transfer absorptions parallel and perpendicular
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Figure 4: Kubelka-Munk transformed NIR reflectance spectra of (TTF)BiI4 single crystals
as well as the powder diffuse reflectance UV-vis spectrum of (TTF)BiI4 from Figure 3.
Polarization at zero degrees is parallel to the horizontal axis (and TTF+• stacks), and
ninety degrees is perpendicular to the horizontal axis (and TTF+• stacks). It is interesting
to note that regardless of polarization the absorption at 1.5 eV remains constant, and that
the absorptions at 1.15 eV and 0.85 eV vary in intensity based on polarization. The inset
displays a microscope photograph of a representative (TTF)BiI4 single crystal, showing the
well-developed (010) face, as well as a carton crystallographic depiction of the (010) face.

to TTF+• containing stacks.27,28 It was our hope that this type of experiment could pro-

vide further information on potential charge transfer occurring between the inorganic and

organic networks in (TTF)BiI4. Figure 4 displays room temperature single crystal NIR

reflectance spectra, transformed to absorbance, as well as the powder UV-vis data for

(TTF)BiI4 over the same energy range. The spectra were taken at varying polarization

angles between the energies 0.70 eV and 1.65 eV. Included is an inset photograph of a rep-

resentative single crystal with the developed (010) face (looking down b-axis) that was

used for the NIR experiment, and a crystallographic depiction of the (010) face. The 0◦

data is oriented parallel to the TTF+• stacks and 90◦ is perpendicular to the TTF+• stacks.

The growth orientation was established with a single crystal x-ray diffractometer (included

in the supporting information).

Considering each polarized (TTF)BiI4 NIR spectrum in Figure 4, it is noted that all spec-

tra have absorptions that are dependent on the angle of incident light. This is expected
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(due to the anisotropic nature of the TTF+• stacking), but the location and behavior of

these absorptions is nontraditional for monovalent TTF+• materials. In total, four absorp-

tion peaks are seen in all spectra with varying intensity, listed with proposed transitions

in Table 3. The intensity of the peak at 1.5 eV is independent of polarization angle. In

contrast, the intensity of the 1.15 eV and 0.85 eV peaks are angle dependent. The weak

peak at 0.73 eV is seen with similar intensity regardless of polarization angle.

In NIR spectra of other monovalent TTF+•salts, the intensity of the 1.5 eV peak can be

reduced as light is made perpendicular to TTF+• stacks.28 As such, because the 1.5 eV ab-

sorption appears angle independent in the single crystal absorption spectra suggests two

potential explainations. One, that different charge transfer processes are present between

the TTF+•dimers in (TTF)BiI4, leading us to believe that the inorganic-network is main-

taining localized charge-transfer between dimers regardless of incident light polarization,

or two, that there is partial overlap of the spectra at 1.5 eV. Aside from the absorptions at

1.5 eV however, the peaks at 1.15 eV and 0.85 eV, as well as the peak at 0.73 eV, are quite

interesting because they are usually unseen in other monovalent salt spectra. (TTF)BiI4 is

a monovalent TTF+• salt, and would be expected to show similar optical properties to salts

like (TTF)ClO4 or (TTF)Br1.0, but because of these sub 1.0 eV absorptions, (TTF)BiI4 has

optical signatures similar to a mixed-valence salt like (TTF)I0.71.27 Specifically, the 90◦ po-

larization spectrum shows that when light is polarized perpendicular to the TTF+• stacks

and the [BiI2I4/2]− chains, that the absorptions are primarily at 1.5 eV and 1.15 eV. In the

0◦ spectrum, when light is polarized parallel to the TTF+• stacks and the [BiI2I4/2]− chains,

there are absorptions primarily at 1.5 eV and 0.85 eV. The absorptions seen at 1.15 eV and

0.85 eV are hard to definitively attribute to specific transitions as they are not seen in other

monovalent TTF+• salts, but it is our assumption that they are related to two different

pathways for a synergistic back charge-transfer transition related to the Bi-I network.

Figure 5(a) displays the temperature-dependence of the four-probe electrical conduc-

tivity σ on pressed pellets of (TTF)BiI4 and (TTF)4BiI6 as a function of temperature. For
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Figure 5: (a) Four probe conductivity measurements on pressed pellet samples of
(TTF)BiI4, (TTF)4BiI6, and (TTF)Pb2I5 (for comparison) plotted as conductivity (Ω−1 cm−1)
versus temperature. There was no detectable conductivity of (TTF)BiI4 below T = 185 K.
Activation energy fits for the conductivity data of (TTF)4BiI6 are shown in (b),(c), and (d)
using Arrhenius, 1-dimensional, and 3-dimensional variable-range hopping fits, respec-
tively. A description of the measurement as well as plots of the conductivity versus inverse
temperature are included in the Supporting Information.

reference, data for the previously reported compound (TTF)Pb2I5 26 are also displayed.

Neither of the samples from this study are as conductive as (TTF)Pb2I5. (TTF)BiI4 is a sig-

nificantly poorer electrical conductor than (TTF)4BiI6; by about 185 K, the DC conductivity

of (TTF)BiI4 is too low to be measured reliably. (TTF)4BiI6 in contrast, has an electrical

conductivity that is close to 10−4 Ω−1 cm−1 at 300 K. By 80 K, the value of the conductivity

of (TTF)4BiI6 has decreased by four orders of magnitude. Attempts to fit the temperature-

dependence to activated behavior [Figure 5(b)] throughout the measured temperature

range proved unsatisfactory. Attempts were also made to fit the data to models of vari-

able range hopping (VRH) following the formulation of Mott:36 σ = σ0 exp[−(T0/T )ν ]. As

seen from Figures 5(c) and (d), the choice of ν = 1/2 appears to best fit the data, in con-

trast to ν = 1/4, which is the more typical expectation for 3D VRH.37 The exponent ν =

1/2 could be indicative of VRH in 1D, ie. along the mixed-valence stack of TTF along the b

crystallographic direction. An alternate explanation would involve Coulomb correlations,
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which are also consistent with the nature of the radical species in the TTF stacks.36

In the compounds described above, there are several contributors to the electrical

conductivity, including the connectivity of the inorganic moieties and the nature (radi-

cal cation or neutral) and stacking of the TTF species. For the two Bi-based compounds

reported here, we would expect from considerations of mixed-valence of the TTF, that

(TTF)4BiI6 would have the high conductivity38 as is indeed seen. From considerations of

extended connectivity of the inorganic Bi–I framework, (TTF)BiI4 could potentially be a

good conductor, or at least, a good semiconductor, but that is not borne out by the mea-

surements. Perhaps the most surprising aspect is that the previously studied (TTF)Pb2I5

is so much the better conductor of all three materials considered. While (TTF)Pb2I5 has

extended inorganic connectivity (like (TTF)BiI4), it does not have mixed-valence stacks

displayed in the structure of (TTF)4BiI6. From an electronic standpoint, (TTF)Pb2I5 most

resembles (TTF)BiI4, so the large differences in the electrical transport behavior are at first

sight somewhat puzzling. A potential explanation, made originally to describe the prop-

erties of (TTF)Pb2I5, is that the inorganic and organic components function synergistically

to give rise to the observed properties, and perhaps that is not as much the case for these

Bi–I compounds.

Conclusions

We have prepared and characterized two new tetrathiafulvalene hybrid compounds with

bismuth-iodide anion networks: (TTF)BiI4 and (TTF)4BiI6. Both compounds are semi-

conductors with properties that appear to be influenced by the degree of bismuth-iodide

connectivity, and by the packing and valence state of the TTF species. The optical prop-

erties of (TTF)BiI4 suggest synergistic back charge-transfer similar to what has previously

been reported for (TTF)Pb2I5,26 but due to the decreased metal-iodide connectivity and the

nature of the eclipsing dimers, the long range effect of the back charge-transfer is greatly
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reduced. This explains why the electrical conductivity is significantly decreased; (TTF)BiI4

has bulk material conductivity comparable to related monovalent salts. The compound

(TTF)4BiI6 has a unique mixed-valence crystal structure comprising an isolated TTF+• as

well as mixed-valence TTF stacks, interspersed with discrete BiI−3
6 anions. Because of the

mixed-valence TTF stacks, and despite the isolated BiI−3
6 anions, this compound is the

significantly better electrical conductor.

Experimental

These materials were prepared in solution, similar to what has been previously reported

for (TTF)Pb2I5.26 For the preparation of (TTF)BiI4, a solution of 240 mg (0.407 mmol)

bismuth iodide (BiI3, Strem 99.999%) and 75.8 mg (0.206 mmol) tetrabutylammonium

iodide (TBAI, Sigma-Aldirch, 98%) was made in 2 cm3 dimethylformamide (DMF anhy-

drous, Sigma-Aldirch) at room temperature. Once this solution was dissolved, a 3 cm3

DMF solution of 60 mg (0.0762 mmol) tetrathiafulvalene fluoroborate [(TTF)3(BF4)2]31,39

was added drop-wise over five minutes, and allowed to stir for 15 minutes. This reaction

mixture was then opened to air, layered with 5 cm3 acetonitrile (MeCN) as a non-solvent,

and covered. (TTF)BiI4 crystallized over the course of three days and was separated from

the mother liquor, washed with MeCN, and air dried. It crystallizes as black plates 0.5 mm

to 1.0 mm on edge. (TTF)4BiI6 is made following the same procedure, except that 120 mg

(0.203 mmol) BiI3 is used instead. (TTF)4BiI6 crystallizes as much smaller black blocks.

Both crystals appear red under a microscope when made sufficiently thin.

Single crystal x-ray diffraction data for (TTF)BiI4 and (TTF)4BiI6 were collected on a

Bruker KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a TRI-

UMPH monochromator with a Mo Kα X-ray source (α = 0.71073 Å). The crystals were

mounted on a cryoloop under Paratone-N oil. Absorption correction of the data was car-

ried out using the multiscan method SADABS.40 Subsequent calculations were carried out
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using SHELXTL.41 Structure determinations were done using direct methods. All hydrogen

atom positions were omitted. Structure solution, refinement, and creation of publication

materials were performed using SHELXTL. The graphical depictions used in the main paper

was created with the software suite VESTA.30

The powder UV-vis spectra were gathered with a Shimadzu UV3600 UV-NIR Spectrom-

eter in diffuse reflectance mode with an integrating sphere, after suspending the title com-

pounds in BaSO4 medium. These reflectance spectra were then Kubelka-Munk transformed

for relative absorbance spectra. Single crystal optical experiments were conducted on mul-

tiple (TTF)BiI4 crystals with a developed (010) face. The single crystals were measured on

a gold substrate. The experiments were conducted using an FTIR (Vertex 70, Bruker) cou-

pled to an infrared microscope (Hyperion 3000, Bruker). Data were collected averaging

over 1,000 scans with 4 cm−1 resolution. The microscope was operated in either spec-

troscopy or imaging modes (used to identify the desired single crystals). In spectroscopy

mode, we performed reflection measurements where the infrared radiation was focused

on the sample by a 15× Cassegrain objective. The reflected light was collected by the

same 15× objective. A variable knife-edge aperture located in the image plane was used

to define the signal collection area and only that portion of the signal was directed to the

MCT detector. Typical aperture sizes were 144µm2 to 400µm2. All NIR spectra were gath-

ered as Psample/Pbackground, where Psample is collected from an area with a single crystal was

present, and Pbackground was collected from an reflective adjacent area (the gold substrate)

with no single crystal present.

Four-probe conductivity measurements were carried out on both compounds as a func-

tion of temperature. Pellets of (TTF)BiI4 and (TTF)4BiI6 were pressed in a Carver press

in a 10 mm×3 mm rectangular pellet die under 1.2 metric ton force. The dimensions of

the pellets were roughly 10 mm×3 mm×1 mm. Further details and pictures of the pellets

are provided in the supporting information. 60 nm gold contacts were deposited directly

onto the surface of the pellets by thermal evaporation under high vacuum (10−7 mbar).
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The pellets were then loaded into a LakeShore cryogenic probe station and evacuated to

a pressure of 10−4 mbar. Standard two-probe conductivity measurements were carried out

at 300 K between the relevant four contacts, to access sample uniformity (details in the

supporting information). The measured current was observed to be linearly proportional

to the applied voltage and the average conductivity across the three regions was extracted

to be 1.6(4)×10−8 Scm−1 for (TTF)BiI4 and and 1.05(3)×10−4 S cm−1 for (TTF)4BiI6.

The conductivity was extracted by measuring the average differential resistance of the

samples, between ±1 V using a Keithley 2400 SourceMeter. The devices all had a length

of 150µm and a width of 1.25 mm. The thickness of the (TTF)BiI4 and (TTF)4BiI6 samples

were 1.00 mm and 1.20 mm respectively. Four-probe conductivity was then carried out

between 300 K and 75 K using a Keithley 2400 SourceMeter and a Keithley 6220 Precision

Current Source. Due to the substantial dependence of conductivity on temperature, the

current range measured was varied as a function of temperature: ± 10 nA for (TTF)BiI4

and ±1µA from 300 K to 105 K, and ± 100 nA from 100 K to 75 K for (TTF)4BiI6. The

measured voltage was observed to be linearly proportional to the driving current for all

measurements (data not shown). Below 185 K the conductivity of (TTF)BiI4 was below

measurable limits of the instrumentation.
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(TTF)BiI4 and (TTF)4BiI6, whose structures are depicted here, have substantially different electrical

conductivities: The latter compound is the much better electrical conductor, notwithstanding the

0D inorganic connectivity, owing to stacks of mixed valence tetrathiafulvalene. (TTF)4BiI6 also

displays a unique crystal structure, that includes discrete molecules of TTF+• interleaved between

discrete BiI−3
6 anions.
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Powder X-ray Diffraction (PXRD)

PXRD data was acquired on a Pananalytical Empyrean Powder XRD machine. PXRD data

was utilized to establish bulk sample purity of isolated (TTF)BiI4 and (TTF)4BiI6 over the

1



course of our experiments. We compared experimental PXRD with simulated patterns

generated from single crystal x-ray diffraction data using the software suite GSAS.1,2 The

data shown in Figure S1 was performed open to air.

Figure S1: PXRD and simulated powder patterns for title compounds (a) (TTF)4BiI6 and
(b) (TTF)BiI4.

Single Crystal Growth Determination

The growth orientation of (TTF)BiI4 single crystals was established on a Bruker KAPPA

APEX II diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochro-

mator with a Mo Kα X-ray source (α = 0.71073 Å). The crystals were mounted on a cry-

oloop under Paratone-N oil. The unit cell was indexed, and using the APEX2 software

suite, plane orientations established. Figure S2 is a picture taken with the APEX2 software

after analysis.
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Figure S2: Photograph of (TTF)BiI4 single crystal determined growth planes using APEX2
software.

Thermogravimetric Analysis (TGA)

A TA Instruments Discovery TGA was utilized for TGA of (TTF)BiI4 and (TTF)4BiI6. A

rate of 25 cm3/min dry nitrogen purge was employed with a temperature ramp rate of

10◦C/min. The maximum temperature of the experiment was 650◦C. Figure S3 contains

TGA data for the title compounds.
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Figure S3: TGA data for the title compounds (TTF)BiI4 and (TTF)4BiI6. The organic com-
ponent (tetrathiafulvalene, TTF) is presumed to be the first part to degrade from (TTF)BiI4
near 225◦C and 141◦C for (TTF)4BiI6.
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4-Probe Conductivity Measurement Setup

Figure S4: Pictures of the pressed pellets of (TTF)BiI4 and (TTF)4BiI6 used in the 4-probe
conductivity measurements.
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Figure S5: Photo of the pressed pellets of (TTF)BiI4 and (TTF)4BiI6 that were tested, in
addition to cartoon depictions of the four evaporated gold contacts used. Two probe mea-
surements between the three near neighbor pair gold contacts are also included, verifying
the consistency of four probe measurements.

Figure S6: 4-probe conductivity pressed pellet measurements for two different batches of
the title compounds. There is little variation between measurement results.
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Figure S7: 4-probe conductivity data of TTF metal-halide salts, plotted with conductivity
versus inverse temperature.
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