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Abstract

Synthesis, Structure, and Optoelectronic Properties of Hybrid Metal Iodides

by

Hayden Aled Evans

The focus of this dissertation was on the preparation and analysis of new ma-

terials related to hybrid halide perovskites, AMX3, where A = a small organic

cation, M = a divalent heavy metal, and X = a halogen. It sought to understand

the fundamental reasons for why the hybrid perovskites work as excellent opto-

electronic materials, and to use this information to design new, stable, and less

toxic materials.

This dissertation first sought to understand whether disparate slabs of metal-

iodide octahedra could be electronically coupled using electronically functional

organic molecules, as this could create more stable and potentially more func-

tional materials. A well-known organic compound made famous during the

advent of organic metals, tetrathiafulvalene, was used to prepare three new

hybrid materials [(TTF)Pb2I5, (TTF)BiI4, and (TTF)4BiI6] with some found to

behave like semiconductors with 3D electronic connectivity, even though they
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were structurally 1D or 2D materials. This discovery supported our original

hypothesis that a more stable, layered, hybrid perovskite material could poten-

tially exist using functional organic molecules as both structural and electronic

components.

This work then extended its focus to study platinum based hybrid per-

ovskites, A2PtI6 (A = small organic cation), and examined the effect of increas-

ing cation size in Pt based vacancy ordered hybrid perovskite materials (VOHPs).

This study was pertinent to our fundamental understanding of VOHPs, as by

establishing structural trends caused by the small organic cations, and how dif-

ferent metals (Pt) behaved in these systems, future avenues for material design

could be opened. It was found that the hydrogen bonding of the small organic

cation to the iodides of the [PtI6]2− octahedra were quite significant as cation

size increased, as these interactions dictated final structure and subsequent op-

tical properties of these materials.

In the process of understanding iodide containing hybrid perovskites,

serendipitous discoveries of polyiodides were made along the way. These works

include understanding the effect of hydrogen bonding in the formation of hybrid

platinum oligo- and polyiodides, as well as resolving the 200 years old mystery

as to what happens when starch combines with iodine.
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In summary, the work presented herein is reflective of the many diverse

preparation and characterization techniques needed to complete these projects:

solution and solid state synthesis, and single crystal and bulk material char-

acterization techniques ranging from crystallography, calorimetry, and optical

spectroscopy. It is also a testament to the social aspect of science, as to complete

this work, many collaborations needed to be formed.
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Chapter 1

Development of new optoelectronic

hybrid metal halide materials

1.1 The case for higher performing optoelectronic

materials

Global energy consumption in 2012 was 549 quadrillion British thermal

units (quad BTU, where 1 quad BTU is equal to 293 TWh) and has been steadily

increasing by a few percent each year. It is projected that by 2020, global use

will be 630 quad BTU’s, and 810 quad BTU’s by 2040.[1, 2] Currently, 85% of

this energy is sourced from fossil fuels, which when burned, contribute CO2 and
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other greenhouse gases to the atmosphere. These gasses over the past hundred

years have had drastic effects on global climate, including an on average in-

crease in temperature. With worldwide energy demand only set to increase the

outlook looks dire. It is now understood that unless the world makes consid-

erable adjustments to its energy production and use, the earth will soon move

past a tipping-point, and enter into the age of the ”Hothouse Earth.”[1–3]

Reducing green house gas emissions, as quickly as possible, is the target goal

in order to lessen the impact of global climate change. This can be achieved

by replacing fossil fuel use with energy sources that are more green, as well

as by reducing energy demand in as many ways as feasible. Current models

do predict global fossil fuel use will decrease over the next 50 years,[4] but

with our current trajectory, widespread demand will persist deep into the 21st

century.

Fortunately, our fossil fuel dependence is slowly being replaced with one

for green energy technologies, which have grown more economically viable in

recent years. Furthermore, there continues to be a scientific commitment to cre-

ating more energy efficient materials and devices, such as light emitters, which

we dedicate a sizable portion of the earths electricity towards operating. If these

positive changes can be made on a global scale sooner than is predicted, there

is still hope that the world can avoid the temperature tipping point without
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catastrophic cost to global economies and human livelihood.

Described below are examples of how the greater material class of hybrid

metal halides, centering around the hybrid perovskites, are being examined as

future advanced materials for low-cost, high efficiency, optoelectronic applica-

tions. The following sections describe current understanding of potential new

photovoltaic and light emitting hybrid halide materials, as well as other consid-

erations for the chemist searching to create new functional materials.

1.2 The advent of hybrid perovskites for solar en-

ergy applications

Solar technology, made possible by certain semiconducting materials, is an

essential part of the future green energy transition. Over the past decade, solar

technology has rapidly become cost competitive, owing to better manufacturing

of higher efficiency materials, predominantly multi or single crystalline silicon.

In 2008, solar power modules cost 3 US$ W−1, and as of 2016, this had dropped

to 0.50 US$ W−1[2]. The 2020 DOE SunShot goals were for solar energy to be

priced at 0.06 US$ kWh−1 and 0.09 US$ kWh−1 for utility and residential solar

power, respectively, which are likely to be met. Certain areas of the world al-

3



ready opperate with this type of low-cost solar energy where it is a major portion

of consumer electricity prices.[5]

At the time of this disserations writing, the most cost prohibitive aspect of

photovoltaic technlogy are the installation costs of the modules.[6] This means

that in order to lower the cost of PV technologies outside of the expected capital

and manufacturing cost reductions that will happen over time, higher efficiency

and longer lifetime (>35 years) modules are needed. To achieve this goal, cur-

rent technologies should be improved (either with monumental manufacturing

improvements or integration with new materials as tandem devices) or new ma-

terials/devices should be developed to replace current technologies. Based on

the infrastructure already in place, the former solution is the more pragmatic

option.

1.2.1 Active materials for solar technology

Fundamentally, solar cells are comprised of semiconducting materials that

absorb photons and convert them into electrical energy. The maximum effi-

ciency of a solar cell is determined by multiple factors, including how much

of the solar spectrum is absorbed, how well photons are converted into electri-

cal energy (avoiding thermalization of charge carriers), and how current density
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and operating voltage (fill-factor) is optimized, in the PV device. The theoretical

best-case efficiency for a single-junction solar cell, based on all these limitations,

is 33.7%, and will have a semiconductor material with a band gap of 1.34 eV.

This is defined as the Shockley-Queisser limit.[7]

Single-junction solar cell materials can be broken down into three categories:

ultrahigh efficient materials, (75% or above of the theoretical SQ efficiency

limit), high efficiency materials (50% - 75%), or low efficiency materials (less

than 50%).[6] Ultrahigh efficiency solar cell materials include crystalline silicon

(c-Si), gallium arsenide (GaAs), or gallium indium phosphide (GaInP). These

materials commercial efficiencies are close to 21% for c-Si, or as high as 28.8%

for GaAs, and have device lifetimes greater than thirty years. To improve these

technologies, better processing is needed to limit charge carrier recombination

rates (c-Si,), and better band-gap engineering is needed for optimal light man-

agement (GaAs based materials). High efficiency materials include multicrys-

talline silicon (mc-Si), indium phosphide (InP), cadmiun telluride (CdTe), or

hybrid perovskite solar cells (i.e. APbI3, where A is some small organic cation).

These, as well as the low efficiency materials, are in need of improvement to

both light and carrier management, as well as a multitude of other concerns.
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1.2.2 Hybrid perovskites

The hybrid perovskites mentioned in the previous section are a particularly

exciting class of photovoltaic materials. Within the past decade, solar cell de-

vices made with these materials have had efficiencies increase from 3.8%,[8]

to just above 22%.[9] For crystalline silicon to reach similar efficiencies, it took

close to fifty years of active research. The dramatic success of these materials is

partly in thanks to serendipity, as these materials were easily solution processed

with inexpensive reagents, and the first devices tested worked with the hole and

electron transport layers from dye-sensitized cells.[8] These attributes opened

the field to almost any device-focused research group in the world, and allowed

for fast performance gains to be made.

Though these materials have impressive performance, the excitement

around them has always been dampened by their poor stability. For example, if

the lead hybrid perovskite materials are left exposed to air for just a few hours

(in particular the iodide containing ones), the materials will rapidly degrade

into the precursor reagents, lead iodide (PbI2) and the respective alkylammo-

nium iodide (AI). PV technologies are expected to perform for close to 30 years

for the cost/benefit ratio to be commercially feasible, meaning that for success-

ful hybrid perovskite device implementation, resources would need to be spent
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on encapsulating the material. In that vein, designing new materials with struc-

tural and photophysical properties similar to the hybrid perovskites, but which

are more resilient, are of great interest.

In general, it is known that reducing the dimensionality of metal-iodide

bonding in one or more dimensions of a hybrid perovskite crystal structure cre-

ates a compound which is distinct from the 3D parent. This has been demon-

strated with various hybrid halide Ruddlesden-Popper (RP) materials which

have the general formula An+1MnX3n+1. In these An+1MnX3n+1 materials, A is

some combination of alkyl ammonium cations, M is some combination of met-

als, and X is some combination of halide anions.[10–12] These RP compounds

are a type of layered perovskite[13] and form when additional cations of choice

“break up” the anionic M-X network.

However, in the terms of hybrid iodide RP materials (the materials with the

best suited band gap for PV absorption), increased stability coincides with in-

creased charge carrier recombination rates inherent to the reduced dimensional-

ity of the metal-iodide networks (quantum confinement effects).[14] Depending

on the thickness of the metal-iodide network, and considering best case scenar-

ios, PV device efficiencies made with these materials are only just above half of

APbI3 devices.[15] This increase in radiative recombination rates are why the

RP materials were first examined as light emitters.[16–18]
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Figure 1.1: Ruddlesden-Popper (BA)2(MA)4Pb5X16,[11] a compound which il-

lustrates the reduced dimensionality of the metal-iodide network.
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The most well studied series of PV active hybrid halide RP perovskites are

the butylammonium (BA) methylammonium (MA) lead iodide varieties, with

the general formula (BA)2(MA)n−1PbnI3n+1. As can be seen in Figure 1.1, an

electronically inert layer of BA cations is used to seperate “slabs” of MA-Pb-I

perovskite. Each iteration of the RP series is denoted with the variable n, where

n refers to the number of lead atom layers that define the thickness of the per-

ovskite layer. It was found by Tsai et al. that (BA)2(MA)n−1PbnI3n+1 films, where

n = 3 and 4, could be processed in such a way that the MA-Pb-I slabs aligned

perpendicular to the contact electrodes, allowing for effective charge carrier ex-

traction and enhanced device performance. If the films are instead cast with MA-

Pb-I layers parallel to the electrodes, charge-carrier extraction must occur across

the electronically insulating BA cations, which is understandably less ideal. This

report produced device efficiencies of close to 12 % and stability for at least one

year. Building upon that work, Venkatesan et al. demonstrated via diffraction

and time-resolved microwave conductivity (TRMC) experiments that, in gen-

eral, as n approaches infinity that there is a greater propensity for the MA-Pb-I

slabs in spin-cast films to naturally align perpendicular to the electrodes.[19]

Future layered RP materials for PV devices will have to strike a balance between

larger MA-Pb-I slab thickness and reduced stability. The best case scenario will

be to find ways to increase stability and electronically bridge the MA-Pb-I slabs
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so as to increase efficiency.

1.3 Past and future directions for light emitting hy-

brid metal halide technologies

As early as the 1990’s, hybrid metal halides were studied for their potential

use as light emitting materials. This work was pioneered by David Mitzi and

colleagues,[16–18, 20] who as of this dissertations writing, still contribute to

this field. These compounds were described to have many attractive qualities

for these applications, namely that they were solution processable, displayed

high charge transport through the metal-halide matrices, and could be syntheti-

cally tuned to the desired optical response. The tuning was achieved by varying

the constituent metal-halide elements, as well as with the organic cation used to

create space between the metal-halide network. Chromophores, as well as func-

tionally innocent organic cations (butyl ammonium or other long chain aliphatic

ammonium cations) could be used to create a material that elicits an optoelec-

tronic response from either the organic or inorganic layers, depending on what

is desired.[20]

Furthermore, certain members of these layered hybrid perovskite materi-
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als display broadband white light emission. This has been covered by those

from the Karunadasa group,[21, 22] where they described how both (001) and

(110) layered perovskites luminesce when excited with UV light. The origin

of this luminescence is speculated to be caused by the self-trapped excitonic

states which cause lattice deformations of the metal-halide network. These self-

trapped states radiatively recombine with varying energy, to produce white light.

There is now greater understanding of how the organic layers can be used

to template the type of metal-iodide connectivity in these layered hybrid metal-

halide materials,[23] which in the case of white light emitters, tune the type of

emission. This kind of synthetic control is at the heart of future material design

in this area.

1.4 Favorable properties of iodine containing va-

cancy ordered double perovskites

It has been shown that 3D I-M-I connectivity of the metal iodide layers, as

is seen in the parent AMI3 perovskites, is not exactly necessary for favorable

charge transport properties. This is due to the large and diffuse orbitals of the

iodide anions which display some appreciable amount of orbital dispersion, even
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Figure 1.2: Vacancy-ordered double perovskite, Cs2SnI6. Depth fading is used

to indicate that the lighter colored [SnI6]2− octahedra are located further back

in the structure.

at Van der Waals distances. For example, in the case of the material Cs2SnI6,

DFT calclatuions predictated that the conduction and valence frontier bands

are made of predominantly of iodine p states and are generally quite disperse,

leading to such things as favorable hole transport.[24, 25] This is quite exciting,

as these vacancy ordered double perovskites (VODPs) are quite stable. However,

the I-I proximity is not the only attribute that matters as it has been established

that the nature of the metal electronegativity VODPs is significant [metals of

greater electronegativity than Sn (i.e. Te) will create deep trap states.][26]
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If one is to decrease the dimensionality of a metal-halide material in the

name of increasing stability, finding ways to increase I-I proximity in other ways

could mitigate unintended negative effects. Work by Shestimerova et al. has

demonstrated that both I2 and the oligoiodide anion, I−3 , increases band disper-

sion in hybrid halide materials.[27, 28] In all cases, there is limited covalency

between the I−3 or I2 molecule with any of the metal-iodide octahedral iodides,

indicating that mere proximity between I atoms is enough to induce favorable

optoelectronic properties.

1.5 Dissertation perspective

Designing new materials which eliminate unwanted properties (i.e. poor

stability) of the perovskites whilst not inadvertently eliminating others (i.e. PV

activity or light emission) is complex. For this dissertation, we thought it more

informative to try and understand a small subspace of change — the effects of re-

ducing the dimensionality of hybrid metal iodide materials with both functional,

and small non-functional, organic cations. Two main questions covered in this

dissertation are: “How do complex functional cations behave in reduced dimen-

sionality metal-iodide materials?” and “what are there overarching structural

effects of small, commonly used, organic cations in vacancy-ordered hybrid per-
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ovskites?” The following chapters in this dissertation address these questions, as

well as others, and provide general thoughts on synthetic approaches to future

optoelectronic metal-halide material design.
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Chapter 2

(TTF)Pb2I5: a radical

cation-stabilized hybrid lead iodide

with synergistic optoelectronic

signatures

The compound described in this chapter, (TTF)Pb2I5, was the first prepared

of the tetrathiafulvalene metal halide compounds characterized in this disserta-

tion. A description of the properties of the other two, (TTF)BiI4 and (TTF)4BiI6,

1Anna J. Lehner, John G. Labram, Douglas H. Fabini, Omar Barreda, Sara R. Smock, Guang
Wu, Michael L. Chabinyc, Ram Seshadri, and Fred Wudl have contributed to the contents of this
chapter.
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as well as a comparison between all three tetrathiafulvalene compounds, can be

found in Chapter 3. In this chapter, preparation, property analysis, and DFT cal-

culations are reported for (TTF)Pb2I5, verifying that (TTF)Pb2I5 is a narrow gap

semiconductor with optical properties synergistically influenced by the TTF+•

cations. The TTF+• cations contribute to states in the electronic gap which are

formed by orbitals in the inorganic framework.

Previous publication of this data can be found in Chemistry of Materials,

c©2016 American Chemical Society, reprinted with permission.

Evans, H. A.; Lehner, A. J.; Labram, J. G.; Fabini, D. H.; Barreda, O.;

Smock, S. R.; Wu, G.; Chabinyc, M. L.; Seshadri, R.; Wudl, F. (TTF)Pb2I5: a

radical cation-stabilized hybrid lead iodide with synergistic optoelectronic

signatures, Chem. Mater. 2016, 28, 3607 – 3611.

2.1 Introduction

Hybrid organic-inorganic materials can potentially combine the properties of

highly tunable functional organics with those of complementary inorganic net-

works in a single material. Distinct control over what is desired from each com-

ponent becomes possible in such materials, allowing the functions of the organic
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and inorganic components to work synergistically. Tetrathiafulvalene (TTF), the

organic component used to examine this potential benefit is a precursor to some

of the early organic metals, and was a clear choice when choosing a functional

organic. It was first reported by Wudl et al. in the early 1970’s,[29, 30] and

has been studied for its impressive electron donating abilities,[31, 32] including

derivatives displaying superconductivity.[33]

Hybrid compounds containing TTF have also shown novel magnetic and

electronic properties. Devic et al.[34, 35] reported a ethylenedithio-1,2-

diiodotetrathiafulvalene (EDT-TTF-I+•2 ) hybrid with metallic character, and

showed its metal-insulator transition to be preserved within a hybrid compound

with PbI2. Kondo et al.[36] similarly reported TTF+• hybrids containing Sn and

Cl/Br, all which display semiconducting behavior due to interactions through

the extended TTF networks. Magnetic compounds with TTF derivatives have

also been made with transition metal halides, and found to be composed of

two kinds of donor columns which magnetically couple with the anions through

close contact between metal halide interactions.[37] Metal-organic-frameworks

(MOFs), a related class of hybrid materials, generally possess poor electronic

functionality, but attempts to prepare electrically conductive MOFs have recently

been made. Examples include incorporating a conjugated molecule within the

framework directly,[38] as a guest that electronically couples metal atoms in the
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framework using (TCNQ),[39] or modification of an insulating MOF.[40, 41]

Stavila et al.[42] have recently reviewed this topic.

Layered lead halides, in their own right, are an attractive set of materials

with rich optoelectronic and semiconducting behavior. The extensive work of

Mitzi and coworkers[16, 17] in the late 1990’s first highlighted how amines and

diammines combine with main group halides to form unique layered perovskite

structures, which motivated the chemistry of organic ammonium cation “spac-

ers” to flourish. Following the work of Kojima et al.[8] demonstrating the use of

perovskite CH3NH3PbI3 materials as solution deposited photovoltaics, there has

been a huge flurry of research in this space to enhance the stability of the air

unstable compound. This has included the use of ammonium “spacer” chemistry

by Smith et al.[10] which improved stability of a layered perovskite incorporat-

ing phenylethylammonium ions into the structure. Cao et al.[43] also explored

this idea with butylammonium instead of phenylethylammonium, and reported

that the extent of ammonium spacer incorporation as well as growth direction

of subsequent films had significant impact on functionality of their light absorb-

ing devices. Maughan et al.[44] recently highlighted how the unusual aromatic

cation tropylium+ can stabilize and electronically couple with tin and lead halide

networks, helping to defining the position of either the conduction band maxi-

mum or valence band minimum.
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In this chapter, preparation, property analysis, and DFT calculations are re-

ported for (TTF)Pb2I5, verifying that (TTF)Pb2I5 is a narrow gap semiconduc-

tor with optical properties synergistically influenced by the TTF+• cations. The

TTF+• cations contribute to states in the electronic gap which are formed by

orbitals in the inorganic framework.

2.2 Experimental methods

(TTF)Pb2I5 crystals were grown under argon atmosphere by dissolving PbI2

(110 mg, 0.239 mmol) and tetrabutylammonium iodide (168.2 mg, 0.455

mmol) in dimethylformamide (DMF, 1 cm3) at ambient temperature. Follow-

ing complete dissolution, a separate solution of (TTF)3(BF4)2 (20 mg, 0.0254

mmol) prepared following the reported procedure,[45] in DMF (3 cm3) was

added drop-wise. The resulting mixture is transparent and red hue when dilute,

but is brown as carried out here. This mixture was layered with of acetonitrile

(MeCN, 6 cm3) as a non-solvent and left at room temperature for two days.

Small dark bundles of crystals were formed beneath an unreacted PbI2 layer.

These bundles were isolated by washing with cold DMF, air dried, and finally

dried in vacuum. The dark crystal bundles, when broken up, yield red rectan-

gular single crystals. The material was observed stable in air for a month, but

19



longer time study is needed.

Single Crystal X-ray diffraction data for (TTF)Pb2I5 was collected on a Bruker

KAPPA APEX II diffractometer equipped with an APEX II CCD detector using a

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

crystals were mounted on a cryoloop under Paratone-N oil and the data re-

ported here was collected at room temperature. Absorption correction of the

data was carried out using the multiscan method SADABS.[46] Subsequent cal-

culations were carried out using SHELXTL.[47] Structure determinations were

done using direct methods. All hydrogen atom positions were omitted. Struc-

ture solution, refinement, and creation of publication materials were performed

using SHELXTL. The graphical depiction used in the main paper was done with

the program VESTA.[48]

Product purity of (TTF)Pb2I5 was established via Powder X-ray diffraction

(PXRD), acquired with a Pananalytical Empyrean Powder XRD machine. Experi-

mental PXRD was compared with a simulated PXRD pattern that was generated

from single crystal X-ray diffraction data using the GSAS software suite.[49, 50]

Thermogravimetric measurements were preformed using a TA Instruments

Discovery TGA, with a rate of 25 cm3/min dry nitrogen purge and a tempera-

ture ramp rate of 10◦C/min. The maximum temperature of the experiment was
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800◦C.

The electron spin resonance (ESR) simulation was performed using the pep-

per function, which is a standard part of Easy Spin.[51] The three g tensors

reported were utilized as individual values with equal weighting. The crystal

space group was included in the calculation as well as the possible angles of po-

sition. These angles helped to account for the random orientation of the powder

solid-state ESR sample. The angles used were [0 0 0; 0 π/4 0; 0π/8 0; 0 π/16

0; 0 π/32 0; 0 π/64 0]. A Gaussian broadening was also applied at a value of

0.3 to all g tensors.

Band structure calculations of (TTF)Pb2I5 based on density functional the-

ory (DFT) were carried out using the Vienna ab initio Simulation Package

(VASP)[52–55] which implements the Kohn-Sham formulation using a plane

wave basis and the projector-augmented wave formalism (PAW).[56, 57] The

input structure was generated from the single crystal diffraction data by adding

the aromatic H atoms to the TTF+• radical cation and constraining them within

the normal riding model of the HFIX function of the crystallographic refinement

software SHELXL-2014.[58, 59] We decided to use this input model without any

DFT structure optimization as the relaxed structure exhibited an increased vol-

ume (9 %) and considerable deviations in polyhedral volumes for the complex

Pb-I anions compared to the crystallographic results, potentially as a result of
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van der Waals interactions not being appropriately captured. The energy cut-off

of the plane wave basis set was 500 eV and a γ-centered k-mesh grid with 24 k-

points was employed, with the convergence criteria set at 0.01 meV. The Perdew-

Burke-Ernzerhof (PBE)[60] version of the Generalized Gradient Approximation

for employed for the exchange-correlation energy. The high-symmetry points

were selected for the conventional Brillouin zone of the space group P21/c us-

ing the Bilbao Crystallographic Server.[61] For more accurate band gap values

and density of states (DOS), a screened hybrid functional (HSE06)[62, 63] was

employed. Spin-orbit coupling (SOC), which we found to be necessary to accu-

rately describe the band structures of related lead[64] and bismuth[65] halides

were not employed in the results presented here: SOC affects only the band

dispersion of the Pb states which do not contribute significantly to the states

around the band gap in (TTF)Pb2I5. For comparison, the electronic structure of

TTFI3[66] (P21/n) was calculated using the same computational scheme, and

is provided in the Supporting Information. The calculated band gap (HSE-level)

of 1.02 eV is indirect between the valence band maximum (VBM, C) and the

conduction band minimum (CBM, D) and corresponds to a transition between

filled and empty sulfur p and carbon p states. Its magnitude is only marginally

smaller than the smallest direct transition (1.03 eV) which is located at the spe-

cial k point C.
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Four-probe transport measurements were conducted using the setup shown

in Figure 2.1. Measurements were done courtesy of John Labram.

Figure 2.1: Cartoon depiction of the 4-probe setup employed for the IV measure-

ments. Gold contacts were evaporated onto a pressed pellet of (TTF)Pb2I5, and

contacts 5 through 8 proved most reliable for measurements. These were wired,

and utilized in the reported measurements according to the above schematic.

2.3 Results and discussion

Single crystal X-ray diffraction carried out on multiple crystals of (TTF)Pb2I5

confirmed the structure depicted in Figure 2.2, with pertinent crystrallographic

data from the structure solution listed in Table 2.1. Figure 2.2(a) illustrates dif-

ferent views of the (TTF)Pb2I5 structure, with some structural details in the

caption. The structure comprises sheets of corner and edge sharing lead iodide
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Figure 2.2: The crystal structure of the title compound (TTF)Pb2I5. (a) View

down the b-axis showing the corrugated Pb2I−5 layers. (b) A top view of the lead

iodide layers, showing both edge and corner sharing of the octahedra. (c) TTF+•

radical cations extend infinitely in stacks, with complete overlap as dimers,

and partial overlap with the next nearest neighbor dimer pair. Space group

P21/c, a= 12.90(3) Å, b= 7.97(1) Å, c= 20.23(2) Å, β= 100.25(7)◦, Z = 4,

R1 = 0.0643 %, wRr = 0.0872 %.
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Table 2.1: Crystallographic information for (TTF)Pb2I5 single crystal analysis

performed at room temperature

Empirical Formula (C6H4S4)Pb2I5

Crystal habit, color Block, red

Crystal system Monoclinic

Space group P21/c

Volume (Å3) 2048(6)

a (Å) 12.90(3)

b (Å) 7.97(1)

c (Å) 20.23(2)

α (◦) 90

β (◦) 100.25

γ (◦) 90

Z 4

ρ (g mol−1) 1249.18

Dens. (g cm−3) 4.051

Abs. (mm−1) 24.344

F000 2116

Reflections (unique) 13229 (4124)

Rint 0.2030

R1 0.0643

wRR 0.0872

∂F (eÅ−3) 1.685 and −1.591

GOF 0.945
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octahedra, separated by TTF+• cations that form infinite “stacks”. The TTF+•

stacks are eclipsed in dimers, and maintain a consistent intra-dimer distance of

3.32 Å. The stacks extend through the crystal with an incomplete overlap with

the next nearest TTF pairs, with an inter-dimer distance of 3.52 Å, as shown in

2.2(c). It is interesting to note that this stacking structure of the TTF radical

cations is commensurate with the corrugated sheet structure of the Pb-I sheets.

In contrast to the previous work on EDT-TTF-I2 iodoplumbates reported by Devic

et al.,[34] there is no disorder of the radical cation, which were reliably located

over the temperature range of 300 K to 100 K. There is a slight contraction of the

unit cell at 100 K, but no structural transition was observed in this temperature

range.
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Figure 2.3: Experimental PXRD pattern of bulk (TTF)Pb2I5 and the simulated

PXRD for comparison.
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Figure 2.4: TGA data for the compound (TTF)Pb2I5. The organic component

(tetrathiafulvalene, TTF) is the first weight loss near 200◦C, as the mass loss

matches the percent weight of TTF in (TTF)Pb2I5 (∼19%)

Bulk purity of (TTF)Pb2I5 was established via PXRD, with the data presented

in Figure 2.3. Thermogravimetric analysis of (TTF)Pb2I5 is shown in Figure 2.4,

and depicts a decomposition with mass losses proportional to the constituent

components.

Figure 2.5(a) displays UV-Vis spectra obtained for (TTF)Pb2I5, as well as the

starting material, (TTF)3(BF4)2. The spectra were obtained using a Shimadzu

UV3600 UV-NIR Spectrometer in diffuse reflectance mode using an integrating
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Figure 2.5: (a) Kubelka-Munk absorbance obtained from transformation of the

diffuse reflectance of (TTF)Pb2I5, as well as the precursor salt (TTF)3(BF4)2 and

TTFI3 for comparison. (b) Room temperature ESR signal for polycrystalline

(TTF)Pb2I5 sample, 9.2898 GHz, with simulation g values of 2.0110, 2.0083,

2.053.
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sphere, where samples were diluted with BaSO4 prior to measurement. Relative

absorbance was obtained from Kubelka-Munk transformation of the reflectance

spectra. Prior work from Sugano et. al[67] and Torrance et. al[68, 69] were the

main sources used for interpreting the presented spectra. The insulating TTF

salt, (TTF)3(BF4)2, has a structure comprising dimers and neutral TTF that are

staggered with distances varying between 3.4 Å and 3.48 Å.[70] We observe no-

ticeable absorptions for this salt near 0.6 eV which are attributed to intermolec-

ular charge transfer from TTF0 to TTF+•, as well as an absorption attributed to

an intramolecular transition for a lone TTF+• within a dimer at 3.18 eV.[67, 69]

The weak peaks at 1.5 eV and 2.3 eV are an intradimer transition and an in-

tramolecular TTF+• transition, respectively.[69]

Considering what is already known for monovalent and mixed valence TTF+•

salts the absorption spectra of the title compound is not surprising. The broad

band that peaks near 1.3 eV is from intradimer charge transfer, and the ab-

sorptions that peak at 2.3 eV and 3.0 eV are intramolecular transitions of the

TTF+•. What is unexpected however, is the low energy absorption at 0.6 eV

which is attributed to intermolecular charge transfer from TTF0 to TTF+•. Al-

though no crystallographically observed TTF0 is present in our sample, we be-

lieve the cause of this absorption is back charge transfer from the Pb-I network

to TTF+•, in a manner similar to how TCNQ−• back charge transfers to NMP+
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in NMP-TCNQ.[68] Furthermore, the sustained absorption over the 3.0 eV to

5.5 eV range is not usually seen for TTF+• salts, which we attribute to absorption

from the Pb-I network. As seen in Figure 3.5, the absorptions for the compound

(TTF)BiI4 indicate similar behavior.

Figure 2.5(b) displays Electron spin resonance (ESR) spectra of powder sam-

ples of (TTF)Pb2I5, providing evidence of the radical cation state of TTF+• at

room temperature. The signal is centered close to the value for a free electron

with an asymmetrical signal shape suggestive of some itinerant electron char-

acter, consistent with the observed free-carrier behavior.[71] The simulation of

the EPR spectrum, which is depicted in Figure 2(b) as a dashed line, was carried

out using Easy Spin,[51] described in the Experimental Methods section of this

chapter.

For the DOS and band structure of (TTF)Pb2I5, which were calculated by Dr.

Anna Lehner, we find the states of the TTF+• radical cation to be energetically

surrounded by filled states of the anti-bonding interaction between the lone-pair

Pb s2 states with the halogen p states in the valence band and by empty Pb p

states in the conduction band. In other hybrid lead halides with simple aliphatic

carbon hydrate counter cations, such as CH3NH3PbI3, the filled counter-cation

states are energetically far below the Fermi energy and the surrounding Pb-I

states constitute the VBM and CBM. The band dispersion of the TTF+• states
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Figure 2.6: Band structure (PBE) and DOS (HSE06) for (TTF)Pb2I5. The DOS

contributions of the C and S p states from TTF+• and the Pb and I contributions

have been separated for added clarity. Credit: Anna Lehner for calculations
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Figure 2.7: Four probe current-voltage (IV) measurements for (TTF)Pb2I5. (a)

IV characteristics over the 100 K to 300 K range. (b) ρ vs. T between 75 K and

300 K. The room temperature resistivity of the pressed pellet is close to 100 Ω

cm.

around the band gap is relatively moderate, as would be expected of the 1D

stacks.

Four-probe electrical resistivity measurements were carried out on a pressed

pellet of polycrystalline (TTF)Pb2I5 with evaporated gold contacts (schematic

shown in the SI), by Dr. John Labram. Figure 4(a) shows I-V curves from 100 K

to 300 K, suggesting nearly Ohmic behavior near the origin. As can be seen

from Figure 4(b), as temperature is increased from 75 K to 300 K the resistivity
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of (TTF)Pb2I5 decreases by two orders of magnitude. The conductivity of the

pressed pellet of the title compound is considerably higher than related mono-

cation salts [(TTF)Br1.0 and (TTF)Cl1.0] which have conductivities close to 10−6

S cm−1 when measured similarly.[72] We believe the increased conductivity can

be attributed to the synergistic effect of the inorganic network.

In summary, (TTF)Pb2I5 is a TTF radical cation stabilized semiconductor

with electronic and optical properties of the compound greatly influenced by the

TTF+• radical cation. The material shows optical signatures indicative of a back-

charge transfer between the TTF+• radical cations, and a room-temperature re-

sistivity close to 100 Ω cm (conductivity greater than 0.01 S cm−1. We believe

these types of synergistic hybrid systems to be potentially promising materials

as next generation photovoltaic materials and other optoelectronic applications,

that encourages further exploration.
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Chapter 3

Mono and mixed-valence

tetrathiafulvalene semiconductors

(TTF)BiI4 and (TTF)4BiI6 with 1D

and 0D bismuth-iodide networks

Two compounds containing tetrathiafulvalene (TTF) cations with extended

and discrete anions based on Bi and I are discussed in this Chapter. The com-

pound (TTF)BiI4 comprises [BiI2I4/2]− chains of edge-shared octahedra that are

1John G. Labram, Sara R. Smock, Guang Wu, Michael L. Chabinyc, Ram Seshadri, and Fred
Wudl have contributed to the contents of this chapter. Tomer Levi and Jon Schuller provided
guidance regarding the FTIR polarized light experiments/instrumentation.
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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 com-

pounds are reported, and compared with (TTF)Pb2I5 from Chapter 2. 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.

Previous publication of this data can be found in Inorganic Chemistry,

c©2016 American Chemical Society, reprinted with permission.

Evans, H. A.; Labram, J. G.; Smock, S. R.; Wu, G.; Chabinyc, M. L.;

Seshadri, R.; Wudl, F. Mono and mixed-valence tetrathiafulvalene semi-

conductors (TTF)BiI4 and (TTF)4BiI6 with 1D and 0D bismuth-iodide net-

works, Inorg. Chem., 2016, 56, 395–401.

3.1 Introduction

Hybrid organic-inorganic materials combine the easily tuned properties of

designer organic compounds with functionally and chemically diverse inorganic

networks. A high degree of control is possible in such systems, enabling de-

sign of materials which can exploit the benefits of the organic and inorganic
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components. Tetrathiafulvalene, the functional organic cation found in the two

compounds of focus in this chapter, 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’s[29, 30]

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

electrons[31, 32], superconduct,[33] and aid magnetic communication.[37]

Prior examples of TTF and TTF derivatives containing metal-halide compounds

include the superconducting hybrid of bis(ethylenedithio)-tetrathiafulvalene

(BEDT-TTF) with tetracyanometallates,[73] ethylenedithio-tetrathiafulvalene

(EDT-TTF) compounds of Ag and Pb iodides that are metallic,[34, 35]

the insulating (BEDT-TTF)BiI4,[74] and semiconducting compounds (BEDT-

TTF)BiBr4,[75] (BEDT-TTF)2[Au(i-mnt)2[75], TTF3(SnCl6)[36], and BEDT-TTF

and EDT-TTF salts with Te and I.[76] All aforementioned compounds had elec-

trical and optical properties heavily influenced by the packing of the TTF related

moiety.

Interestingly, TTF based molecular-organic frameworks (MOFs) also show

structure dependent electrical properties related to how the TTF π−π systems in-

teract 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 transition metal containing MOFs.[38, 77] Alter-
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natively, there are also MOFs which incorporate electronically active organic

molecules into the porous voids (rather than in the framework) to promote

charge transport by coupling to the metal centers.[39–41] Recent reviews de-

scribe the general design challenges surrounding conductive MOFs,[42, 78, 79]

and summarize current state-of-the-art material performance. To date, the

most conducting MOF (Cu3(BHT)2)[80] 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−•. [68, 81, 82]

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 conductivities. In Chapter 2 we discussed

a monovalent TTF hybrid, similarly containing no neutral TTF (TTF0), but only

radical cations TTF+•: (TTF)Pb2I5,[83] displaying synergistic optical and elec-

tronic 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.
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[67, 69] Furthermore, (TTF)Pb2I5 also displayed conductivity much higher than

related monovalent TTF+• salts.[72]

In this Chapter, we dsicuss two tetrathiafulvalene-containing hybrid com-

pounds 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 of

metal-iodide and TTF+• connectivity, providing a good comparison between hy-

brid 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 com-

pounds 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.

3.2 Experimental methods

(TTF)BiI4 and (TTF)4BiI6 were prepared in solution, similar to what was

used for (TTF)Pb2I5.[83] For the preparation of (TTF)BiI4 a solution of 240 mg
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(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 anhydrous, 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][45, 70] 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 mi-

croscope when made sufficiently thin.

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

lected on a Bruker KAPPA APEX II diffractometer equipped with an APEX II CCD

detector using a TRIUMPH 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 carried out using the multiscan method

SADABS.[46] Subsequent calculations were carried out using SHELXTL.[47]

Structure determinations were done using direct methods. All hydrogen atom
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positions were omitted. Structure solution, refinement, and creation of publi-

cation materials were performed using SHELXTL. The graphical depictions used

in the main paper was created with the software suite VESTA.[48]

The growth orientation of (TTF)BiI4 single crystals was established on the

aforementioned Bruker KAPPA APEX II diffractometer equipped with an APEX

II CCD detector using a TRIUMPH monochromator with a Mo Kα X-ray source

(α= 0.71073 Å). The crystals were mounted on a cryoloop under Paratone-N

oil. The unit cell was indexed, and using the APEX2 software suite, plane orien-

tations established.

PXRD data was acquired on a Pananalytical Empyrean Powder XRD ma-

chine, and was utilized to establish bulk sample purity of isolated (TTF)BiI4

and (TTF)4BiI6 over the course of our experiments. We compared experimen-

tal PXRD with simulated patterns generated from single crystal x-ray diffraction

data using the software suite GSAS.[49, 50] The data was performed open to

air.

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 tem-

perature ramp rate of 10◦C/min. The maximum temperature of the experiment

was 650◦C.
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Solid state electron spin resonance (ESR, also known as electron paramag-

netic resonance, EPR) spectra were taken at room temperature, using a X-band

Bruker EMXplus EPR Spectrometer. The electron spin resonance (ESR) simula-

tion was performed using the pepper function, using Easy Spin.[51]

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

Spectrometer in diffuse reflectance mode with an integrating sphere, after sus-

pending the title compounds in BaSO4 medium. These reflectance spectra were

then Kubelka-Munk transformed for relative absorbance spectra. Single crystal

optical experiments were conducted on multiple (TTF)BiI4 crystals with a de-

veloped (010) face. The single crystals were measured on a gold substrate. The

experiments were conducted using an FTIR (Vertex 70, Bruker) coupled 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

spectroscopy 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 re-

flected 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. Typ-

ical aperture sizes were 144µm2 to 400µm2. All NIR spectra were gathered as
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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 function 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.

60 nm gold contacts were deposited directly onto the surface of the pellets by

thermal evaporation under high vacuum (10−7 mbar). 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 (de-

tails 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 S cm−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 resis-

tance 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.
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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.

3.3 Results and discussion

The panels of Figure 3.1 depict the structures of the TTF–Bi–I compounds

solved from single crystal X-ray diffraction (crystallographic details in Table 3.1).

All crystallographic representations were created using the VESTA software

suite.[48] Figure 3.1(a) and (b) depict (TTF)BiI4 projected down two different

axes that allow the relative disposition of 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.[74] 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
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Figure 3.1: (a) The full structure of (TTF)BiI4 looking down the a-axis, em-

phasizing the staggered 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 emphasizes 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−36 octahedra and eclipsed nature of the mixed-valence TTF

stack.
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Table 3.1: 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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(TTF)Pb2I5[83] 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 3.1(c) and (d) display different views of the structure of (TTF)4BiI6

and illustrate the isolated BiI−36 octahedra and the unique TTF moieties: charged

TTF+• cations and neutral TTF [indicated in Figure 3.1(c)]. Crystallographi-

cally, neutral TTF is distinguished from TTF+• by the shorter bond distances

within and between the rings.[70] 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,[67, 69] and furthermore, the structure type of

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

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)3I[84] and α−(TTM-TTP)2I3,[85] but these TTF derivatives pack in

herringbone fashion, whereas in (TTF)4BiI6, the isolated TTF+• stack perpendic-

ular to neutral TTF, forming TTF+•−TTF0 columns throughout the structure.
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Figure 3.2: PXRD and simulated powder patterns of the compounds (a)

(TTF)4BiI6 and (b) (TTF)BiI4.
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Figure 3.3: TGA data for the title compounds (TTF)BiI4 and (TTF)4BiI6. The

organic component (tetrathiafulvalene, TTF) is presumed to be the first part to

degrade from (TTF)BiI4 near 225◦C and 141◦C for (TTF)4BiI6.

Bulk purity of (TTF)BiI4 and (TTF)4BiI6 was established via PXRD, with rep-

resentative powder patterns displayed in Figure 3.2. Thermogravimetric anal-

ysis was conducted on these powders, and is displayed in Figure 3.3. The de-

composition profiles of the two compounds are quite different, with (TTF)4BiI6

degrading close to 100 degrees before (TTF)BiI4.

Figure 3.4 presents experimental and simulated electron spin resonance

(ESR) spectra for polycrystalline solid state samples of (TTF)BiI4 and (TTF)4BiI6,
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Figure 3.4: Solid-state room temperature ESR spectra of (a) (TTF)BiI4 and

(b) (TTF)4BiI6. Simulations for each are displayed as well. The g-values em-

ployed 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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Figure 3.5: Normalized Kubelka-Munk transformed UV-Vis diffuse reflectance

powder spectra of the compounds (TTF)BiI4and (TTF)4BiI6. Data for (TTF)Pb2I5

are displayed for comparison.

confirming the presence of the radical cation speacies TTF+• in both compounds.

Simulations were carried out using the EasySpin[51] code. Figure 3.4(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 crystal-

lographically distinct TTF+• moieties found in the crystal structure.

Figure 3.5 displays the diffuse reflectance absorption spectra of the title com-
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Table 3.2: 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

pounds, as well as of the related material (TTF)Pb2I5, for comparison. Table 3.2

lists the observed peaks and previously attributed transitions.[69] The diffuse

reflectance spectra show features seen in most TTF+• salts, including absorp-

tions 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+•.[67, 69] The spectrum

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

sorptions at 2.3 eV, 3.0 eV, and 0.70 eV. When compared to the similarly struc-

tured (TTF)Pb2I5, this increased 1.5 eV absorption in (TTF)BiI4 could be due to

the decreased dimer-dimer eclipsing, which prevents long range charge trans-

fer through the stack. The powder absorption spectra of both (TTF)BiI4 and

(TTF)Pb2I5 also show absorptions below an energy of 1.0 eV. Absorptions below
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an energy of 1.0 eV can be attributed to charge transfer between 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][67, 69] 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. How-

ever, 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 spec-

trum of (TTF)4BiI6 is primarily absorption in the NIR due to the presence of free

carriers in the material. These NIR absorptions dwarf the interdimer and molec-

ular TTF+• absorptions above 1.0 eV. Absorptions 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.[65]
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Figure 3.6: 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 mi-

croscope 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.
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Table 3.3: 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

Figure 3.7: Photograph of a (TTF)BiI4 single crystal. Growth planes were deter-

mined using APEX2 software.

Single crystal polarized light experiments have been performed prior with

other TTF+• containing salts as a way to isolate charge transfer absorptions par-

allel and perpendicular to TTF+• containing stacks.[67, 69] It was our hope that
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this type of experiment could provide further information on potential charge

transfer occurring between the inorganic and organic networks in (TTF)BiI4.

Figure 3.6 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 an-

gles between the energies 0.70 eV and 1.65 eV. Included is an inset photograph

of a representative 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. Figure 3.7 displays a picture of a represen-

tative single crystal of (TTF)BiI4, taken with the APEXII software.

Considering each polarized (TTF)BiI4 NIR spectrum in Figure 3.6, it is noted

that all spectra have absorptions that are dependent on the angle of incident

light. This is expected (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 absorption peaks are seen in all spectra with

varying intensity, listed with proposed transitions in Table 3.3. 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
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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.[69] As

such, because the 1.5 eV absorption appears angle independent in the single

crystal absorption spectra suggests two potential explainations. One, that differ-

ent charge transfer processes are present between the TTF+•dimers in (TTF)BiI4,

leading us to believe that the inorganic-network is maintaining 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.[67] Specifically, the 90◦ polarization 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◦ spec-

trum, 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 tran-
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sitions as they are not seen in other monovalent TTF+• salts, but it is our as-

sumption that they are related to two different pathways for a synergistic back

charge-transfer transition related to the Bi-I network.

Figure 3.8: (a) Four probe conductivity measurements on pressed pellet samples

of (TTF)BiI4, (TTF)4BiI6, and (TTF)Pb2I5 (for comparison) plotted as conductiv-

ity (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, respectively. A description of the

measurement as well as plots of the conductivity versus inverse temperature are

included in the Supporting Information.
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Figure 3.9: Pictures of the pressed pellets of (TTF)BiI4 and (TTF)4BiI6 used in

the 4-probe conductivity measurements.
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Figure 3.10: 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 measurements between the three near neighbor pair gold con-

tacts are also included, verifying the consistency of four probe measurements.

Figure 3.8(a) displays the temperature-dependence of the four-probe elec-

trical conductivity σ on pressed pellets of (TTF)BiI4 and (TTF)4BiI6 as a func-

tion of temperature. For reference, data for the previously reported compound

(TTF)Pb2I5[83] are also displayed. Figures 3.9 and 3.10 display pictures of the

measured pellets, and 2-probe conductivity experiments done to verify the con-

sistency of the four-probe data, respectively. Neither of the samples from this

study are as conductive as (TTF)Pb2I5. (TTF)BiI4 is a significantly poorer electri-

cal conductor than (TTF)4BiI6; by about 185 K, the DC conductivity of (TTF)BiI4
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is too low to be measured reliably. (TTF)4BiI6 in contrast, has an electrical con-

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

ductivity of (TTF)4BiI6 has decreased by four orders of magnitude. Attempts to

fit the temperature-dependence to activated behavior [Figure 3.8(b)] through-

out the measured temperature range proved unsatisfactory. Attempts were also

made to fit the data to models of variable range hopping (VRH) following the

formulation of Mott[86]: σ = σ0 exp[−(T0/T )ν ]. As seen from Figures 3.8(c)

and (d), the choice of ν = 1/2 appears to best fit the data, in contrast to ν =

1/4, which is the more typical expectation for 3D VRH.[87] 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, which are also consistent with the nature of the radical

species in the TTF stacks.[86]

In the compounds described above, there are several contributors to the elec-

trical conductivity, including the connectivity of the inorganic moieties and the

nature (radical 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 conductivity[88]

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
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good semiconductor, but that is not borne out by the measurements. 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 ex-

tended 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 properties 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.

In conclusion, we have prepared and characterized two tetrathiafulva-

lene hybrid compounds with bismuth-iodide anion networks: (TTF)BiI4 and

(TTF)4BiI6. Both compounds are semiconductors with properties that appear

to be influenced by the degree of bismuth-iodide connectivity, and by the pack-

ing and valence state of the TTF species. The optical properties of (TTF)BiI4

suggest synergistic back charge-transfer similar to (TTF)Pb2I5,[83] 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 reduced. This ex-

plains why the electrical conductivity is significantly decreased; (TTF)BiI4 has

bulk material conductivity comparable to related monovalent salts. The com-
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pound (TTF)4BiI6 has a unique mixed-valence crystal structure comprising an

isolated TTF+• as well as mixed-valence TTF stacks, interspersed with discrete

BiI−36 anions. Because of the mixed-valence TTF stacks, and despite the isolated

BiI−36 anions, this compound is the significantly better electrical conductor.
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Chapter 4

Hydrogen bonding controls

structural evolution in

perovskite-related hybrid platinum

(IV) iodides

In this chapter we describe a solid-state structural evolution in four hy-

brid hexaiodoplatinate(IV) compounds, demonstrating the increasingly impor-

tant role that extended hydrogen bonding plays in directing the structure

1Doug H. Fabini, Jessie L. Andrews, Molleigh B. Preefer, Mitchel Koerner, Guang Wu, Fred
Wudl, Anthony K. Cheetham, and Ram Seshadri have contributed to the contents of this chapter.
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across the series. The compounds are A2PtI6, where A is one of the following

amines: ammonium, NH+
4 ; methylammonium MA, CH3NH+

3 ; formamidinium

FA, CH(NH2)+2 ; and guanidinium GUA, C(NH2)+3 , and are closely related in

structure and properties to the hybrid halide perovskites of Pb(II). The first

three of these compounds crystallize in the vacancy-ordered double perovskite

A2Pt2I6 (2 indicates a vacant site) structure in the K2PtCl6 archetype, despite

the relatively large perovskite tolerance factors involved. The last compound,

(GUA)2PtI6 crystallizes in a vacancy-ordered variant of the hexagonal CsNiCl3

structure: the K2MnF6 structure. A combination of 195Pt and 1H solid-state NMR

spectroscopy and detailed density functional theory calculations help to reveal

structural trends and establish the hydrogen-bonding tendencies. The calcu-

lations and measured optical properties support the surprising observation in

these iodosalt compounds that for smaller A cations, the conduction bands are

considerably disperse, despite lacking extended I–Pt–I connectivity.

Previous publication of this data can be found in Inorganic Chemistry,

c©2018 American Chemical Society, reprinted with permission.

Evans, H. A.; Fabini, D. H.; Andrews, J. L.; Koerner, M.; Preefer, M. B.; Wu,

G.; Wudl, F.; Cheetham, A. K.; Seshadri, R. Hydrogen bonding controls

structural evolution in perovskite-related hybrid platinum (IV) iodides, In-
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org. Chem. 2018, 57, 10375–10382

4.1 Introduction

The AMX3 perovskite crystal structure is unique in that it is the simplest and

only ternary structure type that has near-180◦ extended M–X–M interactions in

all three dimensions. The extended interactions result in the disperse bands

that can enable a host of interesting functional properties in perovskites. Halide

perovskites with the formula AMX3, where A is an alkali metal or small organic

cation, M is a divalent main group metal, and X are halides are one such ma-

terials family combining impressive optoelectronic properties with remarkable

ease of preparation.[8, 89–91] Thin film, single junction photovoltaic devices

of these perovskite materials have exhibited upwards of 22 % power conversion

efficiency (PCE), owing to a direct band gap electronic structure, inherently

long lived charge carriers, and high defect tolerance of the perovskite active

material.[9]

Halide perovskites, like their oxide counterparts, are a diverse class of ma-

terials that can tolerate many different kinds of chemical substitutions.[92, 93]

This includes A-site substitution by different ions to obtain layered variants.[94,

95] The substitution of divalent M by a trivalent ion such as Bi(III) can re-
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sult in a vacancy-ordered perovskite such as K3Bi22I9 where every third M is

missing, indicated by a vacancy 2.[65] Forking the charge on the divalent M-

site through substitution with mono- and trivalent cations results in double-

perovskites or elpasolites[96–100]. Finally, substitution on the M site with a

tetravalent ion creates vacancy-ordered perovskites where M atoms and vacan-

cies 2 (usually) display 3D rock-salt like ordering. The aristotype for this struc-

ture type is K2PtCl6 in the Fm3̄m space group.[101] It is interesting to note

that M-site vacancy-ordered perovskites are rare or non-existent in the oxide

perovskite world, even when permitted by the perovskite tolerance factor (for

example, the hypothetical compound La2W2O6), as a consequence of the cost

of oxide-oxide repulsions and of stabilizing high cation charge states in isolated

species.

Halide compounds with the K2PtCl6 composition have been known for a long

time. They have been examined as diamagnetic hosts (A2PtI6) of paramagnetic

ions (Ir4+, Re4+, Os4+),[102] and have been studied for their interesting lattice

dynamics associated with free rotation of isolated MX6 octahedra.[103] A com-

prehensive review by Armstrong on A2MX6 materials (A = NH4, K, Rb, Cs, M=

Pt, Ir, Os, Re, W, and X = Cl, Br, I) provides an overview.[102] The structure type

is also associated with charge disproportionation of the M site metal, as seen

for Cs2SbCl6, which displays mixed-valence Sb(III) and Sb(V) atoms instead of

67



what would appear to be Sb(IV).[104] Hybrid A2MCl6 and A2MBr6 compounds

were previously studied for how organic cations, predominantly methylammo-

nium in (MA)2MX6 compounds (M= Sn, Pt, Te and X = Cl, Br, I)[105–109] or

dimethylammonium in (DMA)2MX6 compounds (M= Sn, Pt, Te, Se and X = Cl,

Br),[110–112] impact structural phase transitions through molecular reorienta-

tion.

The 2014 demonstration that the molecular iodostannate salt Cs2SnI6 is an

effective hole conductor — despite not possessing extended I–Sn–I connectiv-

ity — that can be employed as the hole-transport layer in dye-sensitized solar

cells has been an important landmark in the way in which these materials are

viewed.[24] Related work that has appeared includes a study of the role of de-

fects in determining the properties of Cs2SnI6 and Cs2TeI6[26] and of the role

of anharmonicity in dictating the properties of A2SnI6 when A = CH3NH3 or

CH(NH2)2.[113]

In this chapter, we discuss a series of compounds A2PtI6 series [A = am-

monium (NH+
4 ), methylammonium [CH3NH+

3 abbreviated MA], formamidinium

[CH(NH2)+2 abbreviated FA], and guanidinium [C(NH2)+3 abbreviated (GUA)].

The synthesis and composition of several A2PtI6 compounds were already re-

ported by Datta in 1913,[114] albeit with no descriptions of the structure. Fur-

thermore, Datta refers back to some literature on these from the first half of
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the 19th century. The crystal structures of A2PtI6 at room temperature for A =

NH4[115, 116] and MA[105] have been previously reported. We demonstrate

that hydrogen bonding becomes especially important in retaining the vacancy-

ordered perovskite in the compounds with the larger A cations. Specifically, if

the organic cation is small, I–I van der Waals interactions guide atomic pack-

ing, and if the organic cation is large, hydrogen bonding forces (N–H· · · I) guide

the structure. Consequences of the hydrogen bonding tendencies manifest in

solid-state 1H NMR experiments and in density functional theory (DFT) based

electronic structure calculations. Just as in the case of Cs2SnI6,[24] we find that

for the smaller A cations, the conduction bands of A2PtI6 display surprisingly

disperse electronic bands. The measured optical properties are compared with

the results of DFT calculations.

4.2 Experimental methods

The starting material CH3NH3I (MAI) was prepared by adding a solution of

CH3NH2 (1.00 eq. 33% wt/wt in absolute ethanol, Spectrum) solution of HI

(1.05 eq., 57% wt/wt in aqueous solution, Spectrum) held at 0 ◦C. After stirring

for 2 h at 0 ◦C, excess solvent was removed using a rotary evaporator. The pre-

cipitate was recrystallized twice from a hot ethanol/water mixture, washed with
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ether, and dried under vacuum overnight to give white crystals with a plate-like

habit.

CH(NH2)2I, FAI was prepared by metathesis, by adding solid formamidinium

acetate (1.00 eq, 99%, Sigma-Aldrich) to room temperature HI (2.0 eq., 57%

wt/wt in aqueous solution, Spectrum.) After stirring for 2 h, excess solvent

was removed using a rotary evaporator. The residue was washed with boil-

ing toluene to remove any potential triazine contaminant, recrystallized from

ethanol, vacuum filtered, and dried to give white crystals with a needle-like

habit.

(NH4)2PtI6 was prepared by combining 46.0 mg NH4I (0.300 mmol, Sigma

Aldrich, 99.5%) and 40.0 mg (0.150 mmol) PtCl2 (Strem, 99.9%) in 6.0 g 57%

wt/wt HI, which was brought to gentle reflux for 15 min. The solution was

slowly cooled to room temperature and placed in a refrigerator overnight. The

solution was vacuum filtered cold and washed with diethyl ether. The isolated

crystals were vacuum-dried overnight. Small, dark-bronze cubic habit crystals

were isolated. The hydroiodic acid used for this and all other iodoplatinate

reactions did not contain the reducing stabilizer hypophosphorous acid. The

iodine contained in solution (due to not using the reducing stabilizer) is thought

to be responsible for the oxidation of Pt2+ to Pt4+.
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(MA)2PtI6 was prepared by combining 71.7 mg MAI (0.451 mmol) to

58.9 mg (0.225 mmol) PtCl2 (Strem, 99.9%,) in 15.5 g 57% wt/wt hydroiodic

acid. This solution was brought to gentle reflux for 25 min., slowly cooled to

room temperature, and placed in freezer overnight. This solution was vacuum

filtered cold and washed with diethyl ether. Isolated crystals were vacuum-dried

overnight. Dark-bronze colored, hexagonal plate habit crystals were isolated.

(FA)2PtI6 was prepared by combining 130 mg (0.760 mmol) CH(NH2)2I with

100 mg (0.375 mmol) of PtCl2 (Strem, 99.9%) in 15.5 g of 57% wt/wt hy-

droiodic acid. This solution was brought to a temperature no greater than 70◦C,

and stirred for 25 min. The solution was slowly cooled to room temperature

(no precipitate forms at this point) and placed in a freezer overnight. Bronze,

metallic-looking needles of (FA)2PtI6 were vacuum filtered cold, washed with di-

ethyl ether, and vacuum dried overnight. Exceeding 70◦C results in degradation

of the FA cation, producing free ammonium.

(GUA)2PtI6 was prepared by combining 282 mg C(NH2)3I (1.5 mmol (Sigma

Aldrich) and 200 mg (0.75 mmol) PtCl2 (Strem, 99.9%,) in 15.5 g 57% wt/wt

hydroiodic acid. The solution temperature was raised to gentle reflux for 25

min., slowly cooled to room temperature, and placed overnight in a freezer.

This solution was vacuum-filtered cold and washed with diethyl ether. The

isolated crystals were vacuum-dried overnight. Large, dark grey, block habit
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crystals were isolated. We note that if a more concentrated reaction mixture is

employed, an unidentified Pt-containing contaminant co-forms with the desired

compound. Careful control of concentration allows the pure compound to be

obtained.

Single crystal X-ray diffraction data was collected on a Bruker KAPPA APEX

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

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

mounted on a cryoloop under Paratone-N oil and kept under nitrogen. Ab-

sorption correction of the data was carried out using the multiscan method as

implemented in SADABS.[46] Subsequent calculations were carried out using

SHELXTL.[47] Structure determination was done using intrinsic methods. All

hydrogen atom positions were omitted. Structure solution, refinement, and cre-

ation of publication data was performed using SHELXTL. Crystal structures were

visualized using the VESTA software suite.[48]

Powder X-ray diffraction was performed on a Panalytical Empyrean Pow-

der Diffractometer (Bragg-Brentano HD module, no monochromator) equipped

with a Cu source λ = 1.5418 Å. Rietveld refinements were performed in the

TOPAS software suite.[117]

Solid state NMR: 1H and 195Pt single-pulse experiments, 1H inversion recov-
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ery experiments, and 14N spin echo experiments were conducted on a 500 MHz

(11.7 T) Bruker Avance NMR spectrometer with a Bruker 4 mm H/X/Y triple res-

onance MAS probe. Powdered samples were packed into a 4 mm zirconia MAS

rotor and capped with a Kel-F drive cap. 1H chemical shift was referenced to

adamantane (1.71 ppm relative to TMS at 0 ppm). 195Pt chemical shift was ref-

erenced to a 1 M solution of Na2PtCl6 in D2O (0 ppm). Longitudinal relaxation

(T1) experiments utilized the inversion recovery method. CSA parameters for

195Pt were extracted using the SOLA line shape analysis module within Bruker

Topspin.

Solid state UV-Vis spectra were obtained using an integrating sphere

equipped Shimadzu UV3600 UV-NIR Spectrometer in diffuse reflectance mode.

The A2PtI6 compounds tested were suspended in BaSO4 medium (via grinding).

The reflectance spectra were Kubelka-Munk transformed for relative absorbance

spectra.

Thermogravimetric analysis (TGA) on all compounds was conducted using a

TA Instruments Discovery instrument. A rate of 25 cm3/min dry nitrogen purge

was employed with a temperature ramp rate of 10◦C/min. The maximum tem-

perature of the experiment was 900◦C.

Differential scanning calorimetry (DSC) measurements were performed us-
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ing a TA Q2000 calorimeter. Samples (2 mg to 10 mg each) were hermetically

sealed inside TZero aluminum pans. Samples were first cooled to −150◦C, then

heated to most 180◦C at 10 ◦C/min. This was repeated for three cycles.

Ab initio calculations of the crystal structures, electronic structures, and op-

tical properties were performed with the Vienna Ab initio Simulation Package

(VASP)[52–55] which implements the Kohn-Sham formulation of density func-

tional theory (DFT) using a plane wave basis set in conjunction with projector

augmented waves.[56, 57] The generalized gradient approximation was em-

ployed using the exchange and correlation functional of Perdew, Burke, and

Ernzerhof (GGA-PBE).[60] The plane wave basis set cutoff energy (800 eV)

and k-point mesh density (≈1500 k-points per reciprocal atom for conver-

gence of the charge density, ≈40,000 k-points per reciprocal atom for comput-

ing the density of states and dielectric function, all Γ-centered Monkhorst-Pack

sampling[118] were chosen based on convergence of the total energy.) Struc-

ture relaxations were performed, including van der Waals corrections (DFT-

D3 method of Grimme),[119] to a force tolerance of 4 meV Å−1. All relaxed

structures preserved the original space group symmetry, with the exception of

(MA)2PtI6, which appeared to drift slightly from the original R3̄m high symme-

try space group symmetry, but that was found within a 0.001 Å lattice param-

eter tolerance using the FINDSYM program[120] to actually retain R3̄m. This
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symmetrized cell was used for subsequent calculations to minimize computa-

tional expense. Brillouin zone paths for band structure calculations were taken

from Setyawan and Curtarolo.[121] Frequency-dependent dielectric functions

were calculated using the method described by Gajdos̆ et al., as implemented in

VASP.[122] The dielectric tensors were converted to isotropic equivalents, and

subsequently to isotropic absorption coefficients via custom python code. Band

structures and densities of states, including orbital projections, were visualized

using custom python code.

4.3 Results and discussion

All the samples were prepared by standard methods (precipitation from acid)

and their structures solved by single crystal X-ray diffraction; details of the meth-

ods employed are provided in the Experimental section above, with pertinent

crystallographic data provided in Tables 4.1 and 4.2.

Figure 4.1(a) displays the 300 K structure of (NH4)2PtI6 which crystallizes in

the space group Fm3̄m and is isostructural to the VDHP K2PtCl6. In this struc-

ture, Pt and I are found on face-centered cubic lattices with ammonium cations

in tetrahedral cavities.[123, 124] Figure 1(b) presents the 100 K structure, space

group P4/mnc. At low temperature (NH4)2PtI6 distorts similar to other per-
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Figure 4.1: Crystal structure of (NH4)2PtI6 with displacement ellipsoids (95%

probability). (a) 300 K structure, viewed along c-axis, (b) 100 K structure,

viewed along the c-axis to emphasize octahedral titling.
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ovskites with an in phase octahedral rotation parallel to the c-axis, described by

Glazer tilting nomenclature as a a0a0c+ distortion.[125]

Figure 4.2 illustrates the 300 K structure of (MA)2PtI6, space group R3̄m.

We observe no first-order phase transition between 100 K and 480 K, though

a second-order phase transition has previously been suggested at 134 K.[105,

109] The platinum ions in (MA)2PtI6 are found on Wyckoff site 3a with site

symmetry 3̄m, and iodide ions are found on Wyckoff site 18h with site symmetry

.m. The methylammonium cations are modeled here as static molecules aligned

parallel to the c-axis.

Figure 4.3 depicts the high temperature (340 K and warmer) and low tem-

perature (340 K to 100 K) structures of (FA)2PtI6. Some of the authors previ-

ously reported a compound of this empirical formula as isostructural to K2PtI6,

but upon NMR analysis concluded this was incorrect. It was found that for-

mamidinium ions degraded in solution (if the reaction temperature was brought

above 70◦C), yielding free NH+
4 cations, which precipitate from solution in

the form of (NH4)2PtI6. If the solution is kept above 70◦C for 20 minutes,

(NH4)2PtI6 is produced essentially pure. An erratum was submitted for the pre-

vious report.[126]

Figure 4.3(a) illustrates the high temperature phase of formamidinium plat-
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Figure 4.2: Crystal structure of (MA)2PtI6 at 300 K, with displacement ellipsoids

(95% probability), viewed down along a-axis.
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Figure 4.3: Crystal structure of (FA)2PtI6 with displacement ellipsoids (95%

probability). (a) 340 K, viewed along a-axis. (b) 100 K and below, viewed down

a-axis.
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inum iodide, space group I4/m, viewed along the a-axis, depicting [PtI6]2− oc-

tahedra and disordered formamidiniums. Platinum ions are found on Wyckoff

site 2a with site symmetry 4/m.., with two independent iodides residing on the

8h and 4e Wyckoff sites, site symmetry m.. and 4.., respectively. Formamidinium

cations are modeled as distorted tetrahedra. Figure 4.3(b) displays the low tem-

perature structure of formamidinium platinum iodide, space group P21/n, il-

lustrating canted octahedra and ordered formamidinium cations. The structure

contains platinum ions on Wyckoff position 2a with site symmetry 1̄, and 3 in-

dependent iodide ions as well as formamidinium C and N atoms located on gen-

eral positions 4e. There are currently few reported formamidinium-containing

VHDPs, but there are compounds that contain organic cations such as dimethy-

lammonium which crystallize with similar structural motifs.[127, 128]

Figure 4.4 displays the stable structure (between 100 K and 423 K) of

(GUA)2PtI6, space group P63mc, viewed along the a-axis. Platinum ions are

found on Wyckoff position 2b with site symmetry 3m. and iodide ions and car-

bon atoms are found on 6c positions, site symmetry .m.. There are two crys-

tallographically distinct guanidinium cations within the unit cell of the com-

pound, both of which are modeled here without disorder. The inorganic lat-

tice is comprised of planes of similarly tilted [PtI6]2− octahedra which alternate

along the c-axis. (GUA)2PtI6 is similar to past reported guanidinium chloro- and
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Figure 4.4: Crystal structure of (GUA)2PtI6 at 100 K, viewed along the c-axis,

with displacement ellipsoids (95% probability).
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Figure 4.5: Rietveld refinements of the A2PtI6 compounds.

bromometallate structures, though those reported consistently crystallize in the

centrosymmetric space group, C2/m.[129].

All compounds could be prepared as pure powders as confirmed by Rietveld

refinement of powder X-ray diffraction data (without atomic occupancy) using

room temperature single crystal diffraction as the structural comparison (Fig-

ure 4.5). The refinements indicate that the each bulk sample has unit cell pa-

rameters close to single crystal diffraction dimensions (Table 4.3 refined data,

Tables 4.1 and 4.2 for single crystal data).
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Table 4.1: Crystallographic Data for (NH4)2PtI6 and (MA)2PtI6

Empirical Formula (NH4)2PtI6 (CH3NH3)2PtI6

Crystal habit, color cubic, bronze hexagonal, bronze

Crystal system cubic tetragonal trigonal

Space group (#) Fm3̄m (225) P4/mnc (128) R3̄m (136)

Volume (Å3) 1397(1) 681.6(1) 1250.5(2)

T (K) 290 100 273

a (Å) 11.179(4) 7.6446(5) 7.943(5)

b (Å) 11.179(4) 7.6446(5) 7.943(5)

c (Å) 11.179(4) 11.6625(9) 22.88(2)

α (◦) 90 90 90

β (◦) 90 90 90

γ (◦) 90 90 120

Z 4 2 3

ρ (g mol−1) 984.51 985.52 1014.58

Dens. (g cm−3) 4.681 4.802 4.042

Abs. (mm−1) 23.257 23.834 19.491

F000 1640 822 1284

Reflections (unique) 1167(175) 5177(532) 2643(423)

Rint 0.0523 0.0305 0.0443

R1 0.0518 0.0291 0.0412

wRR 0.0954 0.0513 0.1137

∂F (eÅ−3) 1.117 & −6.062 1.637 & −3.065 1.132 & −2.843

GOF 1.102 1.388 0.905
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Table 4.2: Crystallographic Data for (FA)2PtI6 and (GUA)2PtI6.

Empirical Formula [CH(NH2)2]2PtI6 [C(NH2)3]2PtI6

Crystal habit, color needle, bronze block, bronze

Crystal system monoclinic tetragonal hexagonal

Space group (#) P21/n (14) I4/m (87) P63mc (186)

Volume (Å3) 855.0(2) 859(3) 924.8(3)

T (K) 100 350 100

a (Å) 7.679(2) 9.65(2) 9.369(2)

b (Å) 13.360(3) 9.65(2) 9.369(2)

c (Å) 8.572(2) 9.21(2) 12.164(2)

α (◦) 90 90 90

β (◦) 108.695(9) 90 90

γ (◦) 90 90 120

Z 2 2 2

ρ (g mol−1) 1046.63 1041.59 1076.67

Dens. (g cm−3) 4.173 4.027 3.866

Abs. (mm−1) 19.516 18.923 17.588

F000 892 882 924

Reflections (unique) 7379(2049) 956(459) 4907(1083)

Rint 0.0316 459 0.0335

R1 0.0271 0.0736 0.0256

wRR 0.0577 0.1798 0.0606

∂F (eÅ−3) 1.313 & −2.026 1.775 & −1.275 1.992 & −1.654

GOF 1.235 1.104 1.047
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Table 4.3: Refined lattice parameters of A2PtI6 phases.

Forumla (NH4)2PtI6 (MA)2PtI6 (FA)2PtI6 (GUA)2PtI6

a (Å) 11.175 7.955 7.790 9.424

b (Å) 11.175 7.955 13.512 12.377

c (Å) 11.175 22.918 8.630 9.424

α (◦) 90 90 90 90

β (◦) 90 90 109.1 90

γ (◦) 90 120 90 120

Figure 4.6: Crystal structure evolution at room temperature of the A2PtI6 com-

pounds (a) (NH4)2PtI6, (b) (MA)2PtI6, (c) (FA)2PtI6, (d) (GUA)2PtI6 displaying

the evolution from a cubic to distorted K2PtI6 type to eventually, the hexago-

nal, polar K2MnF6 structure type. The shading of the [PtI6]2− octahedra re-

flects depth perpendicular to the display plane. The (NH4)2PtI6, (MA)2PtI6, and

(FA)2PtI6 are viewed as if looking down [001] of the cubic parent.
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Figure 4.6 depicts the A2PtI6 series beginning with the smallest organic cation

containing compound, (NH4)2PtI6, and ending with the largest, (GUA)2PtI6. The

A = NH+
4 compound crystallizes in undistorted cubic K2PtCl6 structure (space

group Fm3̄m), the MA compound in a rhombohedrally distorted variant struc-

ture (space group R3̄m), the (FA) compound in a monoclinic variant (space

group P21/n). The A = GUA compound crystallizes in a distinct structure type,

of K2MnF6 in the polar space group P63mc.[130]

The panels of Figure 4.7 display the evolution with effective ionic radius of

(a) the volume per formula unit and (b) the perovskite tolerance factor for the

A2PtI6 compounds reported, and data on all-inorganic Rb2PtI6 and Cs2PtI6.[116]

The effective radii employed for Rb+ and Cs+ are the 12-coordinate Shan-

non values.[132, 133] Values for other A cations are from Kieslich, Sun, and

Cheetham.[131] Twelve-coordinate radii were employed because these appear

to be consistent with the methods used to estimate the radii of the more complex

ions.

Panel (a) of Figure 4.7 shows that all of the compounds except for A = FA

and GUA follow a simple trend that suggests the volume per formula unit of

A2PtI6 depends solely on the A-cation separating out the molecular [PtI6]2− oc-

tahedra in the solid state. The A = FA and GUA compounds do not follow this

trend, pointing to a distinct structural role, which we will presently implicate
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Figure 4.7: Evolution of (a) volumes per formula unit and (b) the perovskite

tolerance factors, as a function of the A-effective ionic radius for octahedral

coordination (CN = 12). Radii values employed are from Kieslich, Sun, and

Cheetham[131] (for NH+
4 , MA, FA, and GUA) and from Shannon[132, 133] for

Rb+ and Cs+. The symbols for A = MA and GUA are distinct to indicate they do

not follow the same volume/size trend as the other compounds.
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with hydrogen bonding tendencies. Panel (b) displays the evolution of the tol-

erance factors t of these compounds. While the tolerance factor is frequently

employed to understand perovskites, including ones with more complex ammo-

nium cations,[131] its utility in vacancy-ordered compounds of the K2PtCl6-type

has been recently noted.[134]. We observe that the A = MA and FA compounds

have tolerance factors that are well in excess of the range usually expected for

compounds with perovskite-like arrangements of their octahedra. The other

surprise is that the (FA)2PtI6 appears to display tilting and rotation, which is

contrary to the expectation for t > 1. While t should be interpreted with care

because of the absence of extended I–Pt–I connectivity in the structure, it ap-

pears to be insightful here. In particular, when t is significantly greater than

unity, we see the kind of structural transformation, from Fm3̄m K2PtCl6-type, to

P63mc K2MnF6-type that is reminiscent of what happens with perovskites when

the tolerance factor becomes large, for example, the transformation from the

structure of SrRuO3 to BaRuO3.[135]

To complement the crystallography and to better understand the role of the

A-cation, we have employed room temperature 1H and 195Pt solid state nuclear

magnetic resonance (ssNMR) spectroscopy. This NMR analysis was done pre-

dominantly by Dr. Douglas Fabini. 1H ssNMR confirmed the identity of each

molecular cation and probed aspects of each cations motion, and 195Pt ssNMR
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Figure 4.8: Room temperature 10 kHz MAS 195Pt NMR spectra of A2PtI6 showing

the influence of the countercation on chemical shift and lineshape. Asterisks

indicate spinning sidebands, shifts are referenced to a 1 M solution of Na2PtCl6

in D2O (0 ppm), and the field is 11.7 T (500 MHz for 1H). Inset: Isotropic 195Pt

chemical shift, δiso, is correlated with unit cell volume per formula unit, V / F.U.

A dashed line is drawn as a visual guide.
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Table 4.4: 1H longitudinal relaxation times, T1, for A2PtI6 phases, with confi-

dence intervals expressed as ± 1σ.

A 1H T1 (s)

NH4 6.18 ± 0.07

MA 5.66 ± 0.24

FA 1.35 ± 0.01

GUA 0.598 ± 0.004

examined the local Pt environments to confirm our crystallographic models.

195Pt single-pulse NMR spectra with 10 kHz magic-angle spinning (MAS) are

presented in Figure 4.8, as well as the relation between isotropic chemical shift

and unit cell volumes. For all members of the A2PtI6 series only a single Pt site

was observed, in agreement with the crystallographic studies. A clear monotonic

upfield shift with increasing countercation size is evident, as well as significant

differences in chemical shielding anisotropy (CSA) and linewidths. Lineshape

and CSA parameters are given in Table 4.5, found in the Results and Discussion

section, correlate well with Pt site symmetries from X-ray diffraction.

1H inversion recovery experiments were conducted to assess the degree of

molecular motion in the A2PtI6 phases (Figure 4.21), and resulting longitudinal

relaxation times, T1, are given in Table 4.4. We observe that T1 is substantially
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longer in the ammonium and methylammonium phases. The theory of Bloem-

bergen, Purcell, and Pound (BPP)[136] has been applied to establish molecular

correlation times in similar compounds,[137–141] because in these plastic crys-

tals, longitudinal relaxation is usually mediated by 1H dipolar interactions that

fluctuate due to molecular motion. In the “fast motion” limit (ω0τC � 1, where

ω0 is the nuclear Larmor frequency and τC is the autocorrelation time for molec-

ular motion) which is valid for similar plastic crystals at ambient temperature,

the expression for longitudinal relaxation time in BPP theory reduces τC ∝ T−11 .

While there are small differences in the proportionality prefactor related to

dipole-dipole separation, the substantially longer T1 values for the ammonium

and methylammonium phases imply more rapid molecular motion (short τC)

compared to the FA and GUA compounds, which may be expected simply on the

basis of molecular size. However, it is well known that strong hydrogen bond-

ing of cations like FA and GUA can produce rigid structures, as seen in formate

based perovskites,[142, 143] or in the recently reported high-temperature fer-

roelectric material (3-ammoniopyrrolidinium)RbBr3.[144] Furthermore, when

compared to MA and FA lead iodide perovskites (APbI3) where the molecular

cations are known to reorient at room temperature (and below),[141] these

two compounds only undergo phase transitions to structures with cation disor-

der when brought to well above room temperature (Figures 4.15 and 4.16.
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Figure 4.9: Crystallographic depictions of ab initio relaxed structures of

(FA)2PtI6 [(a) and (b)] and (GUA)2PtI6 [(c) and (d)] illustrating their hydro-

gen bond networks. (a) View of the 3D connected network of hydrogen bonds

linking [PtI6]2− octahedra in (FA)2PtI6. The hydrogen bond length of all bonds

shown in (a) is 2.68 Å . (b) View of a representative [PtI6]2− octahedron in

(FA)2PtI6 with FA cations that hydrogen bond to it. (c) View of the 2D con-

nected network of hydrogen bonds linking [PtI6]2− octahedra in (GUA)2PtI6. (d)

View along the layering direction of GUA cations hydrogen bonding to nearby

[PtI6]2−. Each GUA cation bonds to a total of six iodides on three separate

[PtI6]2− octahedra.
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To better understand if hydrogen bonding can explain the suspected reduced

molecular motion of the cations in (FA)2PtI6 and (GUA)2PtI6, we examined how

hydrogen bonds arrange in ab initio relaxed structures. Figure 4.9 shows crys-

tallographic depictions of (FA)2PtI6 and (GUA)2PtI6 (including hydrogen bonds).

It can be seen in Figure 4.9(a) that FA cations hydrogen bond with iodides on

[PtI6]2− octahedra to form a connected network, and in Figure 4.9(b), how a

representative [PtI6]2− octahedron is surrounded by the FA cations. Each FA

cation forms a total of 4 hydrogen bonds (N–H· · · I), two to two iodides on one

[PtI6]2− octahedron (with bond lengths of 2.71 Å and 2.84 Å), and two “bridg-

ing bonds” to two other iodides on two separate neighboring [PtI6]2− octahe-

dra (bond lengths of 2.68 Å and 2.80 Å). These bridging bonds have been la-

beled in Figures 4.9(a) and (b) where visible, and are responsible for linking

the discrete [PtI6]2− octahedra together. All of these bonds create a 3D con-

nected hydrogen bond network for (FA)2PtI6, suggesting that hydrogen bonding

may contribute substantially to the suspected reduced molecular motion of the

formaminidinium cation. Figure 4.9(c) shows the 2D hydrogen bond network

formed in (GUA)2PtI6, and Figure 4.9(d) illustrates a top-down view emphasiz-

ing the orientation of the GUA cations in relation to nearby [PtI6]2− octahedra.

Figure 4.9(c) displays a 2D connected network of hydrogen bonded GUA cations

and [PtI6]2− octahedra, where each GUA cation hydrogen bonds to a total of six
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iodides on three separate [PtI6]2− octahedra. In Figure 4.9(d), one can see how

there are two guanidiniums layers per one layer of [PtI6]2− octahedra. Similar

to the hydrogen bonding seen in (FA)2PtI6, we find that the location of the bonds

in (GUA)2PtI6 help explain the suspected reduced molecular motion of the or-

ganic cation, as each hydrogen on the guanidinium cations aligns directly with a

nearby [PtI6]2− iodide. Indeed, we believe it is not a coincidence that the space

group symmetry of (GUA)2PtI6 is compatible with the shape of the GUA cation.

From this examination, we believe that the hydrogen bonds formed by these

large organic cations actually dictate the observed structural trends in (FA)2PtI6

and (GUA)2PtI6.

Furthermore, the hypothesis of reduced motion in the FA and GUA com-

pounds is consistent with the analysis of hydrogen bonding geometries. Steiner

has reported average hydrogen bond donor· · · acceptor and H· · · acceptor dis-

tances based on a crystallographic database analysis of crystal structures de-

termined by neutron diffraction.[145] The donor· · · acceptor distances reported

are very similar for −Nsp2H2 and −N+H3 donors and iodide acceptors (≈3.7 Å).

Donor· · · acceptor distances in the X-ray crystal structures of the A2PtI6 phases

presented are similar for FA and GUA (3.63 Å and 3.76 Å respectively), while

those for ammonium (3.95 Å) fall outside the reported distribution, and the

donor–H· · · acceptor bond angles for methylammonium (139◦) are outside the
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range considered by Steiner. This analysis would suggest that molecular motion

could be uninhibited in the ammonium phase, while hydrogen bonding to the

neighboring anions significantly restricts molecular motion in the FA and GUA

phases.

The electronic band structures of the A2PtI6 phases, calculated within the

framework of density functional theory (DFT), are presented in Figure 4.10 (de-

tails are provided in the Experimental Methods section). These calculations

were done by Dr. Douglas Fabini. In all cases, the bandgap is between filled

I p orbitals and empty Pt eg orbitals, as expected for a low spin d6 [PtI6]2−

polyanion. The valence and conduction bands across the series of compounds

display diminished dispersion as one traverses across from the smaller A = NH+
4

cation to MA and FA. In the hexagonal structure of (GUA)2PtI6, the valence and

conduction bands are nearly fully localized. For the smaller A cations, the io-

dine sublattice is essentially close-packed, leading to overlap of the large 5p

orbitals between neighboring [PtI6]2− anions. For the undistorted (NH4)2PtI6,

despite the extended interactions being non-bonded the conduction bandwidth

(≈1 eV) is significant, and despite the central cation being different, it is similar

to those reported for isostructural Cs2SnI6 and Cs2TeI6 where delocalized states

similarly emerge due to iodine close-packing.[24–26] In all cases the bandgaps

are indirect, but there are direct transitions that are only slightly higher in en-
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Figure 4.10: Electronic band structures (GGA-PBE) for A2PtI6 phases, illustrating

decreasing bandwidths (and increasing bandgaps) with increasing counterca-

tion size. Orbital projections of Pt d character and I p character are presented as

colored markers of variable size. In all cases, the valence bands derive primarily

from the 5p orbitals of I, while the conduction bands derive from the unoccu-

pied Pt 5d orbitals with irrep eg. The effect of spin-orbit coupling is shown to be

modest (see Figure S9). Energies are referenced to the valence band maximum

for each phase.
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ergy (discussed in the Additional Material Characterization section) Addition-

ally, the electronic bandgaps and line-effective masses for electrons and holes

are given in Table 4.6, together with cell volumes from ab initio structure relax-

ation in Table 4.7. The computed band structures also offer an explanation for

the downfield 195Pt chemical shift with decreasing countercation size. The in-

creasingly delocalized electronic states from closer intermolecular contact draw

some charge density away from the Pt nucleus and into the intermolecular re-

gions, deshielding the Pt nucleus.

Ab initio Optical absorption coefficients for the A2PtI6 series are displayed

in Figure 4.11. Values for weakly absorbing c-Si and strongly absorbing

CuSbS2,[146] calculated similarly, are given for comparison. Additionally,

the spectral dependence for solar irradiance (direct+diffuse at global tilt,

ASTM G173-03) is included for reference. [http://rredc.nrel.gov/solar/spectra/

am1.5/astmg173/astmg173.html (accessed 12/4/2017)] For all of the Pt(IV)

iodides, the absorption onset is rather strong despite their indirect bandgaps,

reflecting a relatively high joint density of states near the band gap due to the

partially localized nature of the electronic structure. The A = NH+
4 compound,

with the most disperse bands, displays the lowest-energy absorption edge, as

expected from the band structure. The A = MA and FA compounds display

very similar calculated absorption edges and the A = GUA compound has the
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Figure 4.11: Ab initio optical absorption coefficients (GGA-PBE) for A2PtI6

phases, with bandgaps indicated by vertical gray lines. Indirect gap crystalline

silicon (c-Si, dashed gray line) and the strongly absorbing direct gap chalco-

genide CuSbS2 (solid gray line) are included for comparison. Absorption in the

violet/near-UV is poor for the A2PtI6 phases due to the paucity of available states

immediately above the unoccupied Pt eg states.
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Figure 4.12: Normalized optical absorption spectra of the A2PtI6 compounds

recorded on powders, obtained from Kubelka-Munk transformation of UV-Vis

diffuse reflectance powder spectra.

highest-energy absorption edge, in keeping with its more molecular nature. De-

spite slight differences in the near-IR and red due to the modestly differing

bandwidths, the A2PtI6 phases exhibit very similar absorption around 2 eV, re-

flecting the similar underlying molecular character. Absorption is weak for these

phases in the violet and near-UV, a consequence of the wide gap between the Pt

eg conduction bands and the next higher lying excited states.

Experimental optical absorption spectra are displayed in Figure 4.12. The
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observed absorption onsets across the different compounds appear to be quite

similar, exhibiting a peak in the absorption about 1 eV above the absorption

edge, similar to what was calculated for these compounds. The red-shift of the

peak in the calculated spectra when compared with experiment is consistent

with the functionals employed in the DFT calculation. The more disperse va-

lence and conduction bands calculated for the A = NH+
4 compound give rise to

the slightly sharper absorption edge, at lower energy than seen for the other

compounds.

In conclusion, the evolution of the structure and properties of the compound

A2PtI6 series, where A NH+
4 , MA, FA, and GUA, suggests the importance of hydro-

gen bonding for stabilizing some of the structures with the larger A cations, and

the role of nonbonded I−–I− interactions in establishing relatively disperse elec-

tronic bands for the compounds with the smaller A-cations. We describe how as

cation size increases, the structures undergo progressive distortion from the par-

ent cubic vacancy-ordered double perovskite K2PtCl6-type structure, until con-

verting to the the K2MnF6 structure type with (GUA)2PtI6. Analysis of 1H ssNMR

T1 relaxation times and ab initio relaxed structures of (FA)2PtI6 and (GUA)2PtI6

suggest that FA and GUA cations engage in strong hydrogen bonding interac-

tions with nearby iodide atoms on separate [PtI6]2− octahedra, causing reduced

cation molecular motion and distinct structural signatures at room temperature.
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The hydrogen bonds appear to guide the final structure formation for the FA

and GUA compounds, with structures that can be best described as hydrogen-

bonded networks. From DFT calculations, it is found that the intermolecular

contact through close-packed iodide anions leads to dispersive frontier bands

for the phases with smaller molecular ions.

4.4 Additional material characterization

4.4.1 Calorimetry

Figure 4.13: TGA data for (NH4)2PtI6 from room temperature to 900◦C.
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Figure 4.14: TGA data for (MA)2PtI6 from room temperature to 900◦C.

Figure 4.15: TGA data for (FA)2PtI6 from room temperature to 900◦C.
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Figure 4.16: TGA data for (GUA)2PtI6 from room temperature to 900◦C.

Figure 4.17: DSC data for (NH4)2PtI6 between −150 ◦C and 150 ◦C. A first order

phase transition can be seen at −20◦C.
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Figure 4.18: DSC data for (MA)2PtI6 between−150 ◦C and 175 ◦C. No first order

phase transition is observed.

Figure 4.19: DSC data for (FA)2PtI6 between −150 ◦C and 150 ◦C. A first order

phase transition is observed near 63◦C.
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Figure 4.20: DSC data for (GUA)2PtI6 between −150 ◦C and 175 ◦C. There is a

second order phase transition near 100◦C associated with increased molecular

motion of the guanidinium cation.

Thermogravimetric analysis, presented in Figures 4.13 - 4.16, show similar

degradation temperatures for each member of the A2PtI6 series. Differential

scanning calorimetry of the A2PtI6 series is presented in Figures 4.17 - 4.20,

with details in each respective caption.
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4.4.2 Supplementary Nuclear Magnetic Resonance (NMR)

Figure 4.21: 1H inversion recovery experiments of the A2PtI6 series. (a)

(NH4)2PtI6, (b) (MA)2PtI6, (c) (FA)2PtI6, (d) (GUA)2PtI6.

1H inversion recovery experiments (Figure 4.21) were conducted to assess

the degree of molecular motion in the A2PtI6 phases, and resulting longitudinal

relaxation times, T1, are given in Table 1 in the main text. We observe that

T1 is substantially longer in the ammonium and methylammonium phases, and

reduced in the formamidinium and guanidinium phases.

1H single-pulse NMR spectra under MAS for the A2PtI6 phases are presented

in Figure 4.22. At these modest MAS speeds, 1H dipolar interactions are only
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Figure 4.22: MAS 1H NMR spectra of A2PtI6 phases, with spinning speed indi-

cated. A small (3%), mobile impurity is evident in (FA)2PtI6 at 5.7 ppm, poten-

tially from a NH4 impurity generated through degradation of the formamidinium

precursor. At this modest speed, strong 1H dipolar interactions prevent resolu-

tion of the three chemically distinct protons on the formamidinium ion which

are evident in solution. As [NH4]+ and [GUA]+ each have one distinct pro-

ton, the broader signal for guanidinium suggests a reduced state of molecular

motion.
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Table 4.5: 195Pt NMR lineshape parameters for A2PtI6 phases, Pt site symme-

try from X-ray diffraction, and experimental and ab initio [PtI6]2− octahedral

volumes, Voct. Ω = Guassian broadening. Ψ = Pt site symmetry

A
δiso

(ppm)

δCSA

(ppm)
η

Ω

(Hz)
Ψ

Expt. Voct

(Å)

Calc. Voct

(Å)

NH4 −5006 59 0.001 1963 m3̄m 25.32 26.34

MA −5478 166 0.106 2377 3̄m 25.43 26.49

FA −5518 218 −0.009 1066 1̄ 25.80 26.60

GA −5926 196 0.224 1397 3m. 25.42 26.51

partially averaged out, and the three chemically distinct protons of the formami-

dinium ion cannot be resolved.

195Pt lineshape and CSA parameters are given in Table 4.5, together with the

Pt site symmetry from X-ray diffraction and the experimental and ab initio (vide

infra) [PtI6]2− octahedral volumes. The CSA parameters correlate well with Pt

site symmetry, with the smallest δCSA for the highest site symmetry (m3̄m), and

the largest δCSA for the lowest Pt site symmetry (1̄). While no CSA would be

expected for Pt in the ammonium phase, due to the octahedral site symmetry,

very small sidebands are observed. These likely arise from residual heteronu-

clear dipolar coupling, spin-orbit coupling, or other sources of broadening. The

Gaussian broadening parameters extracted in lineshape fitting indicate broader
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lines in the ammonium and methylammonium phase. The origin of this behav-

ior is not immediately apparent, as subsequent analysis of motion (vide infra)

suggests that if anything, molecular motion is faster in these phases. In sum,

no features are seen in NMR which suggest that the local environments of Pt

deviate significantly from those in the crystallographic models.

Figure 4.23: Spin-echo 14N (S = 1) experiment for (NH4)2PtI6, showing a nar-

row signal due to the tetrahedral molecular symmetry of the NH+
4 cation.

Spin-echo 14N (S = 1) experiments were additionally carried out (Fig-

ure 4.23) on the A2PtI6 phases, leveraging the quadrupole moment as a probe of

motion. A narrow signal was easily observed for A = NH4 due to the tetrahedral

molecular symmetry, while no signals were detected for the other three phases

within one hour of acquisition. This result would be consistent with insuffi-

ciently rapid molecular motion to average out strong quadrupolar interactions,

which are not already canceled due to the lower symmetry N environments in

these molecules, though we cannot postulate more quantitative results without

protracted experiments to acquire these (presumably) extremely broad signals.
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4.4.3 Electronic Structure

The electronic band structures of the A2PtI6 phases, calculated within the

framework of density functional theory (DFT), are presented in Figure 4 in

the main text. Crystal structures were relaxed including semi-empirical van

der Waals corrections, and the exchange-correlation energy was treated with

the generalized gradient approximation (GGA; full computational details in the

Methods section above).

The electronic bandgaps and line effective masses for electrons and holes

(not the density of states effective masses) are given in Table S5, together with

cell volumes from ab initio structure relaxation in Table 4.7. For the A2PtI6

phases, bandgaps and effective masses increase monotonically with counterca-

tion size, consistent with our discussion of intermolecular I–I contact. Bandgaps

are indirect in all cases, with the valence band maxima occurring at the zone

centers. No pattern in the locations of the conduction band minima is read-

ily apparent without detailed analysis of the spatial relationship between the

Brillouin zones of the different lattice types. Despite the use of van der Waals

corrections, the DFT relaxed structures overestimate unit cell volumes by 9% to

17% (corresponding to 3% to 5% linear), in line with the known underbinding

of the GGA.
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Table 4.6: Calculated electronic bandgaps (Eg) and line effective masses (m∗e,

m∗h) for members of the A2PtI6 series. For line effective masses, the first Bril-

louin zone special point labels the band extremum, and the second special point

indicates the direction from the extremum along which the dispersion is fitted.

Phase Eg (eV) VBM CBM m∗e / m0 m∗h / m0

(NH4)2PtI6 0.55 Γ X X→Γ: 0.43 Γ→X (light): 0.64

X→W: 0.39 Γ→X (heavy): 25.3

X→U: 0.38 Γ→K (light): 0.64

Γ→K (medium): 0.92

Γ→K (heavy): 1.90

Γ→L (light): 0.79

Γ→K (heavy): 1.47

(MA)2PtI6 0.94 Γ F F→Q: 0.61 Γ→L: 1.29

F→P1: 0.74 Γ→Z: 1.29

Γ→X: 2.30

(FA)2PtI6 1.00 Γ D D→Z: 0.78 Γ→Y: 1.75

D→M: 0.87 Γ→X: 3.98

D→Y: 0.61 Γ→Z: 1.74

(GUA)2PtI6 1.41 Γ M M→Γ: 3.46 Γ→M (light): 3.18

M→K: 11.6 Γ→M (heavy): 6.08

M→L: 32.2 Γ→K (light): 3.26

K→M: 8.72 Γ→K (heavy): 5.97

K→Γ: 3.41 Γ→A: 4.24

K→H: 2.86

L→A: 2.05

L→H: 2.62
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Table 4.7: Calculated and experimental volume per formula unit (V / F.U.) for

members of the A2PtI6 series.

Phase V / F.U. (Å 3), calc. V / F.U. (Å 3), expt.

(NH4)2PtI6 382.2 350.25

(MA)2PtI6 475.1 416.83

(FA)2PtI6 501.4 427.50

(GUA)2PtI6 531.3 462.39

For (NH4)2PtI6, the valence band is ∼19 meV higher at Γ than at X, while the

conduction band minimum occurs at X. This phase then has an indirect bandgap,

but the direct transition at X is only slightly higher in energy. The valence band

is quite flat along the Γ−X line, much like the isotypic Cs2SnI6.[24–26]

For (MA)2PtI6, the valence band is ∼70 meV higher at Γ than at F, while the

conduction band minimum occurs at F. This phase then has an indirect bandgap,

but the direct transition at F is only slightly higher in energy.

For (FA)2PtI6, the conduction band is ∼30 meV lower at D than at Γ. The

valence band is ∼25 meV higher at Γ than at X, and ∼25 meV higher at Γ than

at X. Accordingly, the band gap is indirect, but direct transitions at both Γ and

D are only slightly higher in energy.
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For (GUA)2PtI6, the conduction band is nearly degenerate in energy

(<10 meV difference) at the M, K, and L points, with the energy at M being

the lowest by a slight margin. In contrast, all other local maxima of the valence

band are 10s of meV lower in energy than the valence band maximum at Γ.

Once again, the bandgap is indirect, but direct transitions at K and L are only

somewhat higher in energy.

The electronic densities of states calculated for the A2PtI6 phases, as well

as the correlation between bandgap and unit cell volume, are presented in Fig-

ure 4.24. Tracking the position of the localized I s states (not shown, ∼12 eV

below the VBM) relative to the VBM suggests the VBM drops relative to the vac-

uum with increasing countercation size (and increasing bandgap). In essence,

the band widths are reduced while the band centers remain nearly constant, as

expected for phases with somewhat ionic Pt–I bonding and varying degrees of

intermolecular I–I contact. For the distorted VHDP ammonium, methylammo-

nium, and formamidinium phases, there is a very strong correlation between

bandgap and cell volume (Figure 4.24 inset), while the different anion packing

of the guanidinium phase results in a larger bandgap than expected from this

trend.
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Figure 4.24: Electronic densities of states (GGA-PBE) for A2PtI6 phases, includ-

ing orbital projections of the I p and Pt d states. Energies are referenced to the

valence band maximum for each phase. Inset: The calculated bandgap is cor-

related with cell volume for the A = (NH4), MA, and FA phases (•), which are

increasingly distorted versions of the same anti-fluorite structure type. The tran-

sition to a different [PtI6]2− packing arrangement for A = GA (4) widens the

bandgap relative to this trend.
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Figure 4.25: Comparison of PBE to PBE+SOC calculations for (NH4)2PtI6.

A calculation was performed on (NH4)2PtI6 with both PBE and PBE+SOC,

which indicated that the effect of spin-orbit coupling is modest (Figure 4.25).
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Chapter 5

The capricious nature of iodine

catenation in I2 excess,

perovskite-derived hybrid Pt(IV)

compounds

In this chapter, we describe how perovskite-derived hybrid platinum iodides

with the general formula A2PtIVI6 (A = formamidinium FA and guanidinium

GUA) accommodate excess I2 to yield hydrogen-bond-stabilized compounds,

1Hayden A. Evans, Jessica L. Andrews, Douglas H. Fabini, Molleigh B. Preefer, Guang Wu,
Anthony K. Cheetham, Fred Wudl, and Ram Seshadri have contributed to the contents of this
chapter.
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where the I2 forms catenates with I− anions on the PtI6 octahedra.

Previous publication of this data can be found in Chemical Communications,

reproduced from the citation below, with permission from The Royal Society of

Chemistry.

Evans, H. A.; Andrews, J. L.; Fabini, D. H.; Preefer, M. B.; Wu, G.; Wudl,

F.; Cheetham, A. K.; Seshadri, R. The capricious nature of iodine catena-

tion in I2 excess, perovskite-derived hybrid Pt(IV) compounds, 2018 Chem.

Comm., Advance Article, DOI: 10.1039/C8CC07536K

5.1 Introduction

The bonding of atoms of the same element into a series — the phenomenon

of catenation — is commonly associated with certain second and third period

main group elements such as boron, carbon, sulfur, and phosphorous. This ten-

dency is governed by multiple factors including mean bond-dissociation energy,

sterics, electronegativity, and orbital hybridization.[147] Generally, catenation

occurs less frequently as one moves down the periodic table as orbitals grow

more diffuse and bonding strength decreases. An exception would be catenated

iodides (commonly referred to as polyiodides, although the term oligoiodide
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is perhaps more appropriate), which are numerous and demonstrate great di-

versity in length as well as in structure. At this time, the Cambridge Crystal-

lographic Data Center (CCDC) lists approximately 1600 structures containing

some form of an I–I–I linkage with three or more I atoms. Examples of solid-

state oligoiodide materials include molecular salts where triodide (I−3 ) subunits

are charge balanced by counter cations, and connected frameworks where many

oligoiodide moieties (I2, I−3 , I−5 , I−7 , I−9 , etc) link together.[148, 149] Recently,

some of us reported the crystallographic structure of a rare iodine homopolymer

in a pyrroloperylene-iodide compound, reminiscent of the elusive starch-iodine

complex (Chapter 6.[150] The variety of oligoiodide structures results from fa-

vorable donor-acceptor interactions, and the many cations, anions, and solvent

molecules that appear to impact these interactions in the solid state.

Donor-acceptor properties of iodine find many applications, including for in-

creasing the conductivity of organic metals and conducting polymers,[151] en-

hancing the efficiency of dye-sensitized solar cells,[152, 153] and improving the

photocatalysis of materials for hydrogen evolution.[154, 155] Recent interest in

iodide-based perovskite photovoltaic materials[91, 156, 157] has engendered

reports of incorporating I−3 subunits into a hybrid bismuth iodide compound in

order to introduce intergap electronic states that red-shifted the band gap.[158]

This result is interesting in light of most Bi–I solar energy materials displaying
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relatively large bandgaps regardless of structure.[65] Materials that contained

neutral I2 molecules linking discrete [BiI6]3− octahedra have been noted to dis-

play direct bandgaps of ≈1.3 eV.[28] However, it was stated that covalency be-

tween the I2 and [BiI6]3− iodides did not appear to be present, and the structure

should not be viewed as a [BiI6]3−–I2–[BiI6]3− 1D chain. This suggests that

simple iodine/iodide proximity, not covalency, was enough to induce favorable

properties of these materials in the solid state.

Here we present the findings that the hydrogen-bonded framework

perovskite-derived materials, (FA)2PtI6 and (GUA)2PtI6 (FA = formamindinium

and GUA = guanidinium), which were recently studied as members of an

A2PtI6 series,[159] can be recrystallized as excess I2 containing compounds. The

new compounds, (FA)2PtI6•2I2 and (GUA)8(PtI6)3[PtI4(I3)2]•2I2, are described

herein. In order to understand how size and hydrogen bonding tendencies im-

pact the formation of these oligoiodide materials, a dimethylammonium (DMA)

Pt-I compound was also prepared and studied. The solid (DMA)3PtI6(I3) pro-

vides valuable insight into how hydrogen bonding is essential to stabilizing this

class of halide structures. Interestingly, all three materials, despite their distinct

dimensionalities, display similar optical absorption profiles.
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5.2 Experimental details

The hydroiodic acid (HI, 57% wt/wt in aqueous solution, Spectrum) used for

the following reactions did not contain the reducing stabilizer hypophosphorous

acid (H3PO2). The free iodine in solution (that forms when hydroiodic acid is

exposed to air) is needed for the (FA)2PtI6•2I2 and (GUA)8(PtI6)3[PtI4(I3)2]•2I2

preparations, and is also thought to be responsible for the oxidation of Pt2+ to

Pt4+ during (DMA)3PtI6(I3) preparation.

(FA)2PtI6•2I2 was prepared by placing 50 mg of (FA)2PtI6 crystals in a sealed

vial with a small amount of HI. The preparation of (FA)2PtI6 can be found in

the Experimental Details section of Chapter 4, as well as our publication on the

subject.[159] If replicated, the amount of HI included should be just enough

to cover all (FA)2PtI6 crystals. This mixture was left to recrystallize for at least

one month, but can proceed longer if bronze (FA)2PtI6 crystals are still seen

after that time. The originally bronze, metallic-looking (FA)2PtI6 crystals will

become black crystals of (FA)2PtI6•2I2. We note that we were unable to pre-

pare (FA)2PtI6•2I2 by exposing (FA)2PtI6 crystals to either iodine vapor, or an

iodine solution (in H2O or organic solvent). Furthermore, once the crystals of

(FA)2PtI6•2I2 are filtered, do not wash them with solvent, as doing so will de-

stroy the crystals. It was found best to gently dry the product on filter paper, left
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alone for a few days to dry out.

(GUA)8(PtI6)3[PtI4(I3)2]•2I2 was prepared following the same procedure

for the preparation of (FA)2PtI6•2I2. These crystals will also degrade with

most solvents. The preparation of (GUA)2PtI6 can be found in our previous

publication.[159]

(DMA)3PtI6(I3) was prepared by combining 99.30 mg DMAI (0.561 mmol,

Sigma Aldrich, 98%) and 50 mg (0.187 mmol) PtCl2 (Strem, 99.9%) in 8.0 g un-

stablized HI, and heated to dissolve any solid that initially formed. This solution

was heated for 15 min. The solution then was slowly cooled to room temper-

ature, where black plate habit crystals of (DMA)3PtI6(I3) form. These crystals

were vacuum filtered, washed with diethyl ether, and vacuum-dried overnight.

Single crystal X-ray diffraction data was collected on a Bruker KAPPA APEX

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

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

mounted on a cryoloop under Paratone-N oil and kept under nitrogen. Ab-

sorption correction of the data was carried out using the multiscan method as

implemented in SADABS.[46] Subsequent calculations were carried out using

SHELXTL.[47] Structure determination was done using intrinsic methods. All

hydrogen atom positions were omitted. Structure solution, refinement, and cre-
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ation of publication data was performed using SHELXTL. Crystal structures were

visualized using the VESTA software suite.[48]

Powder X-ray diffraction was performed on a Panalytical Empyrean Pow-

der Diffractometer (Bragg-Brentano HD module, no monochromator) equipped

with a Cu source λ= 1.5418 Å. Rietveld refinements were performed in the

TOPAS software suite.[117]

A Shimadzu UV3600 UV-NIR Spectrometer was used to gather data in dif-

fuse reflectance mode. The poly/oligoiodide compounds tested were suspended

in BaSO4 medium (via grinding). The reflectance spectra were Kubelka-Munk

transformed for relative absorbance spectra.

Thermogravimetric analysis (TGA) on all compounds was conducted using a

TA Instruments Discovery instrument. A rate of 25 cm3/min dry nitrogen purge

was employed with a temperature ramp rate of 10◦C/min. The maximum tem-

perature of the experiment was 900◦C.

Differential scanning calorimetry (DSC) measurements were performed us-

ing a TA Q2000 calorimeter. Samples (2 mg to 10 mg each) were hermetically

sealed inside TZero aluminum pans. Samples were first cooled to −150◦C, then

heated at 10 ◦C/min. This was repeated for three cycles.

Electronic structure calculations for (FA)2PtI6•2I2 were performed with the
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Vienna Ab initio Simulation Package (VASP),[52–55] which implements the

Kohn-Sham formulation of density functional theory (DFT) using a plane wave

basis set and the projector augmented wave formalism[56, 57]. The general-

ized gradient approximation was employed using the exchange and correlation

functional of Perdew, Burke, and Ernzerhof (GGAPBE).[60] The plane wave ba-

sis set cutoff energy (800 eV) and k-point mesh density (∼1500 k-points per

reciprocal atom for convergence of the charge density, ∼40,000 k-points per re-

ciprocal atom for computing the density of states, all Γ-centered Monkhorst-Pack

sampling)[118] were chosen based on convergence of the total energy. Struc-

ture relaxation was performed, including van der Waals corrections (DFT-D3

method of Grimme,[119] to a force tolerance of 4 meV Å1. The relaxed struc-

ture preserved the space group symmetry observed in experiment. The Brillouin

zone path was that of Setyawan and Curtarolo.[121]
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5.3 Results and discussion

Figure 5.1: The crystal structure of (FA)2PtI6•2I2 at 100 K with displacement

ellipsoids (95% probability). (a) Depiction of the 1D chains forming between the

iodide on the [PtI6]2− octahedra and I2 molecules. Hydrogen bonding columns

that form between the FA cations and the I2 molecules are displayed with dashed

lines. The pertinent bond lengths are: I2 molecule 2.77 Å; I2–I− 3.29 Å; N-H· · · I2

3.0 Å. (b) Side view of the 2D sheets that are found parallel to the ab plane.
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Figure 5.2: The crystal structure of (FA)2PtI6•2I2 at 260 K with displacement

ellipsoids (95% probability). (a) Depiction of the 1D chains forming between the

iodide on the [PtI6]2− octahedra and I2 molecules. Hydrogen bonding columns

that form between the FA cations and the I2 molecules are displayed with dashed

lines. The pertinent bond lengths are: I2 molecule 2.76 Å; I2–I− 3.32 Å; N-H· · · I2

3.05 Å. (b) Side view of the 2D sheets that are found parallel to the ab plane.
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Table 5.1: Crystallographic information for (FA)2PtI6•2I2.

Empirical Formula [CH(NH2)2]PtI6•2I2

Crystal habit, color block, black

Crystal system tetragonal tetragonal

Space group (#) P42/mnm (136) P42/mnm (136)

Volume (Å3) 1178.6(4) 1200.3(16)

T (K) 100 270

a (Å) 12.340(2) 12.379(7)

b (Å) 12.340(2) 12.379(7)

c (Å) 7.728(1) 7.833(5)

α (◦) 90 90

β (◦) 90 90

γ (◦) 90 90

Z 2 2

ρ (g mol−1) 1554.23 1554.23

Dens. (g cm−3) 4.379 4.328

Abs. (mm−1) 19.040 18.698

F000 1316 1336

Reflections (unique) 6507 (1005) 3456 (995)

Rint 0.0258 0.0574

R1 0.0217 0.0337

wRR 0.0412 0.0408

∂F (eÅ−3) 1.117 & −6.062 1.132 & −1.266

GOF 1.102 1.208
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The structure of the hybrid platinum polyiodide material, (FA)2PtI6•2I2, is

presented in Figures 5.1 and 5.2, with relevant crystallographic information

from the single crystal X-ray diffraction analysis in Table 5.1. Figure 5.1 (a) and

5.2 (a) emphasize the intriguing 1D polyiodide chains that form in (FA)2PtI6•2I2

between apical iodides of the [PtI6]2− octahedra and the I2 molecules, as well

as the 1D hydrogen bonding columns that form between the FA cations and

the same I2 molecules. Figure 5.1 (b) and 5.2 (b) depicts the sheet-like struc-

ture formed by the I2–[PtI6]2− chains and the columns of FA cations and I2

molecules. Compounds which present I2 molecules or polyiodide moieties in

donor-acceptor interactions with metal halide octahedra, similar to the afore-

mentioned I2–[BiI6]3− system, are fairly common,[27, 148, 160, 161] but the

infinite 1D I2–I–I2 chain that extends through the structure of (FA)2PtI6•2I2

is to our knowledge the first example reported with such short distances be-

tween atoms.[162] By convention, covalent bonds between iodine/iodide atoms

should have an interatom distance of no greater than 3.30 Å.[148] At 300 K,

the single crystal X-ray diffraction measured distance of the I2–I− bond in

(FA)2PtI6•2I2 is 3.32 Å, and at 100 K it is 3.30 Å. If we adhere to the 3.30 Å

cutoff, only the low temperature structure of (FA)2PtI6•2I2 qualifies as a polyio-

dide material, but as we later demonstrate via Raman spectroscopy, this ma-

terial displays vibrations indicative of a polyiodide material at 300 K. Further-
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more, at both 100 K and 300 K, the I2 intermolecular bond lengths are longer

than the known solid-state I2 bond distance of 2.67 Å (2.75 Å and 2.77 Å, re-

spectively) suggesting that between 300 K and 100 K the donor apical iodides

of the [PtI6]2− octahedra are decreasing the I2 I–I bond order. This is in agree-

ment with a molecular orbital (MO) description of this compound,[163] which

shows that the highest occupied molecular orbital (HOMO) has some degree of

antibonding character.

Figure 5.3: TGA data for (FA)2PtI6•2I2 from room temperature to 900◦C.

Additionally, we note the significance of certain characteristics of the FA

cations in (FA)2PtI6•2I2. Firstly, they are ordered, which is unlike the “tumbling”

FA and methylammonium cations in APbI3 perovskites.[137, 164–166] Secondly,

they hydrogen bond explicitly with the I2 molecules and not the [PtI6]2− iodides,
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as seen in the parent compound, (FA)2PtI6. If one considers both the FA cation

arrangement, and the I2 molecules location relative to the apical iodides on

the [PtI6]2− octahedra, one can see that these are potential structural signa-

tures of halogen bonding.[167] In halogen bonding, covalently bonded, easily

polarizable halogen atoms (like iodine) can form nucleophilic (negative) and

electrophilic (positive) sides, with the electrophilic side being denoted as the

”σ-hole.” We have calculated the electron localization function (ELF) and elec-

trostatic potential for (FA)2PtI6•2I2, and discuss the results in the last section of

this chapter.
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Figure 5.4: The crystal structure of (GUA)8(PtI6)3[PtI4(I3)2]•2I2 without organic

cations at 100 K. Atom color key; I = purple, N = blue, C = black, H = white.(a)

View of the (GUA)8(PtI6)3[PtI4(I3)2]•2I2 structure with organic cations omitted

for clarity, so as to better display the oligoiodide network. To signify crystal-

lographic independence, the Pt octahedra colors are varied and labeled with

bolded numbers 1-3 in the (GUA)8(PtI6)3[PtI4(I3)2]•2I2 structure. (b) View of

the crystallographically observed [PtI4(I3)2]2− moiety 3 that forms secondary

bonding chains along the c-axis with [PtI6]2− octahedra 2.
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Figure 5.5: Crystal structure of (GUA)8(PtI6)3[PtI4(I3)2]•2I2 at 100 K

with displacement ellipsoids (95% probability). (a) Depiction of the

(GUA)8(PtI6)3[PtI4(I3)2]•2I2 structure with organic cations omitted. (b) Top

down view of the cb-plane of (GUA)2PtI6•I2, demonstrating the secondary io-

dide bonding network that forms between 2 and 3. The I3 moieties of 3 run

perpendicular to the b-axis, and link with 2. The I2 molecules seen in between

1 and 2 in this view are the I2 molecules that link 3 along the a-axis seen in (c).

(c) Top down view of the secondary bonding axis in the ab-plane, which forms

between I2 molecules and the four equatorial I− iodides of 3.
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Table 5.2: Crystallographic information for ((GUA)8(PtI6)3[PtI4(I3)2]•2I2, 100 K.

Empirical Formula [C(NH2)3]8(PtI6)3[PtI4(I3)2]•2I2

Crystal habit, color block, black

Crystal system triclinic

Space group (#) P 1̄ (2)

Volume (Å3) 2176(3)

T (K) 108

a (Å) 12.768(9)

b (Å) 13.016(9)

c (Å) 14.52(1)

α (◦) 110.55(2)

β (◦) 102.74(2)

γ (◦) 93.87(2)

Z 1

ρ (g mol−1) 5321.86

Dens. (g cm−3) 4.061

Abs. (mm−1) 17.793

F000 2272

Reflections (unique) 9573 (4834)

Rint 0.1981

R1 0.0817

wRR 0.1936

∂F (eÅ−3) 4.382 & −4.836

GOF 0.939

The structure of the hybrid platinum oligoiodide material
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(GUA)8(PtI6)3[PtI4(I3)2]•2I2 is presented in Figure 5.4, with relevant

crystallographic data in Table 5.2. Figure 5.4 (a) shows the structure of

(GUA)8(PtI6)3[PtI4(I3)2]•2I2 with organic cations omitted for clarity emphasiz-

ing the observed secondary I· · · I bonding network. Secondary I· · · I bonds are

interactions that are often seen in oligoiodide networks, and occur at distances

between the previously mentioned cutoff for I–I covalent bonds, 3.30 Å, and

the I· · · I van der Waals distance, 3.9 Å.[148] In (GUA)8(PtI6)3[PtI4(I3)2]•2I2

there are three crystallographically independent Pt sites, each with distinct

local enviornments. These three Pt octahedral enviornments are denoted in Fig-

ure 5.4 (a) and (b) with differing colors as well as bolded numbers (1–3) which

coincide with the .cif file Pt label assignments. 1 refers to the [PtI6]2− octahedra

that have no close I· · · I secondary bonding associations, 2 to the [PtI6]2− octa-

hedra that have two close secondary I· · · I bonding associations with I3 ligands

of the [PtI4(I3)2]2− moieties, and 3, which refers to the [PtI4(I3)2]2− moieties.

The species 3, in addition to forming secondary I· · · I bonding associations with

2, also forms secondary bonds with I2 molecules in the ab-plane. Figure 5.4 (b)

illustrates one such secondary-bonding chain that forms between 3 and 2, with

bond lengths of the I3 subunit (3.12 Å and 2.80 Å) from species 3 denoted,

and is also depicted in Figure 5.5(b). The occurance of 3 is quite interesting,

because to our knowledge, no similar Pt or other metal based moietry has been
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reported to date. As can be seen, the labeled bond lengths are reminiscent

of other asymmetric I−3 anion bonds [2.7(1) Å and 3.2(1)],[168] and, as we

demonstrate below, the Raman spectrum displays signatures of the I3 subunit.

Figure 5.5 breaks down the secondary iodide bonding framework into planes in

more detail.

Figure 5.6: View of the hydrogen bonding network that forms between GUA1

and 1, 2, and 3. The hydrogen bonding that occurs between GUA1 and 3 occurs

between two of the four equitorial I−, not any of the I atoms of the I3 moiety,

which is excluded for clarity.
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Figure 5.7: View of the hydrogen bonding network that forms between

GUA2/GUA4 and the Pt species, 1 and 2. This network illustrates that even

though 1 and 2 are not linked via a secondary iodide bonding network, that

they are extensively coupled via the hydrogen bonding network.
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Figure 5.8: View of the hydrogen bonding network that forms between GUA3,

and the Pt species, 1 and 3. GUA3 forms one hydrogen bond with the terminal

I atom of the I3 moiety.
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Figure 5.9: TGA data for (GUA)8(PtI6)3[PtI4(I3)2]•2I2 from room temperature

to 900◦C.

Figures 5.6 – 5.8 describe the complex and extensive hydrogen bonding net-

work of the GUA cations in (GUA)8(PtI6)3[PtI4(I3)2]•2I2, which hydrogen bond

almost exclusively with [PtI6]2− octahedra iodides. Each of the four crystal-

lographically independent GUA cations connect 1, 2, and 3 together, each in

a distinct way, but with uncanny similarity to the GUA cations in its parent

compound, (GUA)2PtI6. This suggests that in addition to the secondary iodide

network, the hydrogen bonding network is a considerable structural stabilizer.

The following figures illustrate the proposed hydrogen bonding network that

exists in (GUA)8(PtI6)3[PtI4(I3)2]•2I2. Due to the overall small contribution to

the SXRD dataset that the N and C atoms provide, it is difficult to say that the
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reported GUA cation positions are definitive. However, the hydrogen bonding

network that forms using the anisotropic positions of the N atoms and their

respective H atoms, looks uncannily similar to the network seen in the parent

compound of (GUA)8(PtI6)3[PtI4(I3)2]•2I2, (GUA)2PtI6. Namely, each of the six

hydrogens of the GUA cations point towards nearby I− on [PtI6]2− octahedra.

In order to deconstruct this complex network of hydrogen bonding, Figures 5.6–

5.8 describe the suspected hydrogen bonding network formed by the four crys-

tallographically distinct GUA cations, referred to as GUA1 through GUA4. In-

terestingly, unlike the hydrogen bonding network that forms in (FA)2PtI6•2I2,

the proposed network exists exclusively with [PtI6]2−, except for the GUA3

cation (Figure 5.8) which bonds with one of the I3 molecules. The network

has been drawn with a H· · · I maximum of 3.3 Å, so as to account for other

favorable, yet weaker, hydrogen bonding positions of the GUA cations. Much

like (FA)2PtI6•2I2, the TGA of (GUA)8(PtI6)3[PtI4(I3)2]•2I2 shows stability above

100 ◦C, suggesting that the secondary iodide network and hydrogen bonding are

structurally stabilizing forces (Figures 5.9).
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Figure 5.10: Crystal structure of (DMA)3PtI6(I3) at 100 K [(a) and (b)] and

264 K [(c) and (d)] with displacement ellipsoids (95% probability). (a) View

of (DMA)3PtI6(I3) down the b-axis. (b) View of (DMA)3PtI6(I3) depicting the

hydrogen bonding interactions between DMA cations and [PtI6]2− octahedra, as

well as the arrangement of I−3 anions relative to the nearby [PtI6]2− octahedra.

The distance between apical [PtI6]2− iodides and nearby I−3 is 3.49 Å. (c) View

of (DMA)3PtI6(I3) down the b-axis. (d) View of (DMA)3PtI6(I3) depicting the

hydrogen bonding interactions between DMA cations and [PtI6]2− octahedra, as

well as the arrangement of I−3 anions relative to the nearby [PtI6]2− octahedra.

The distance between apical [PtI6]2− iodides and nearby I−3 is 3.56 Å.
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Table 5.3: Crystallographic information for (DMA)3PtI6(I3), 100 K and 300 K

Empirical Formula [NH2(CH3)2]3PtI6(I3)

Crystal habit, color block, black

Crystal system monoclinic monoclinic

Space group (#) C2/m (12) C2/m (12)

Volume (Å3) 1342.5(1) 1414.3(3)

T (K) 100 264

a (Å) 16.768(9) 17.012(2)

b (Å) 7.666(4) 7.8309(9)

c (Å) 10.656(6) 10.837(2)

α (◦) 90 90

β (◦) 101.46(2) 101.705(8)

γ (◦) 90 90

Z 2 2

ρ (g mol−1) 1475.47 1475.47

Dens. (g cm−3) 3.650 3.465

Abs. (mm−1) 15.570 14.779

F000 1272 1272

Reflections (unique) 3470 (2107) 4293 (2297)

Rint 0.0980 0.1329

R1 0.0634 0.0580

wRR 0.1348 0.0791

∂F (eÅ−3) 3.384 & −5.871 3.407 & −1.727

GOF 1.062 1.533
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Figure 5.11: TGA data for (DMA)3PtI6(I3) from room temperature to 900◦C.

The structures of (DMA)3PtI6(I3) at 100 K and 264 K are presented in Fig-

ure 5.4, with relevant crystallographic data in Table 5.3. Figure 5.4 (a) and (c)

show the arrangement of [PtI6]2− octahedra, I−3 moieties, as well as the two

distinct types of DMA cations; one that is ordered and one that is not. Hydro-

gen atoms are included on the ordered DMA cations to emphasize their role

in stabilizing the structure through hydrogen bonding. Figure 5.4 (b) and (d)

show this hydrogen bonding, where the N–H· · · I hydrogen bond lengths are at

a distance of 2.87 Å and N to I distances are 3.68 Å; these are considered to be

medium/strong interactions based on previous neutron diffraction studies.[145]

The I−3 moieties are aligned with the [PtI6]2− octahedra at a distance of 3.49 Å

(secondary I· · · I bonding).[148] Initially, we sought to make a DMA-containing
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A2PtI6 compound to juxtapose the materials (FA)2PtI6 and (GUA)2PtI6. We be-

lieved this (DMA)2PtI6 compound, with a cation roughly the size of FA but with

less than half the hydrogen bonding sites, would better inform us as to the im-

pact of hydrogen bonding in these halide materials. It was our intention to re-

crystallize this hypothetical (DMA)2PtI6 compound and observe the differences

in I2 inclusion. However, the (DMA)2PtI6 compound could not be isolated, and

only the compound, (DMA)3PtI6(I3), formed. Though not our original intention,

this raises a significant question: ”Why did (DMA)2PtI6 not form?” In the previ-

ous chapter (Chapter 4, and our published report,[159] we discussed how the

substantial hydrogen bonding capacity of the FA and GUA moieties engaged as

structural guides. We believe that the similar size but reduced hydrogen bond-

ing capacity of the DMA cation (compared to the FA cation) serves as a prime

example to the significance of hydrogen bonding in these lower dimensional

halide materials. Namely, that without a cation that can form numerous attrac-

tive H· · · I interactions, the electrostatic forces between cation and anion are not

sufficient to stabilize a A2PtI6 molecular salt.
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Figure 5.12: Rietveld refinements of the (FA)2PtI6•2I2,

(GUA)8(PtI6)3[PtI4(I3)2]•2I2, and (DMA)3PtI6(I3).

Material purity for further characterization was established via Rietveld re-

finement (without atomic occupancy), with experimental laboratory PXRD data

refined against room temperature single crystal diffraction data (Figure 5.12).

The refinements indicate that the each bulk sample has unit cell parameters

close to single crystal diffraction dimensions (Table 5.4 refined data, Tables 5.1

through 5.3 for single crystal data).
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Table 5.4: Refined lattice parameters of (FA)2PtI6•2I2,

(GUA)8(PtI6)3[PtI4(I3)2]•2I2, and (DMA)3PtI6(I3).

Forumla (FA)2PtI6•2I2 (GUA)8(PtI6)3[PtI4(I3)2]•2I2 (DMA)3PtI6(I3)

a (Å) 12.402 12.683 17.030

b (Å) 12.402 13.045 7.840

c (Å) 7.865 14.628 10.841

α (◦) 90 109.54 90

β (◦) 90 102.81 101.75

γ (◦) 90 94.11 90

Figure 5.13: DSC data for (FA)2PtI6•2I2 between −150 ◦C and 25 ◦C.
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Figure 5.14: DSC data for (GUA)8(PtI6)3[PtI4(I3)2]•2I2 between −150 ◦C and

75 ◦C.

Figure 5.15: DSC data for (DMA)3PtI6(I3) between −150 ◦C and 150 ◦C.
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Differential scanning calorimetry of (FA)2PtI6•2I2,

(GUA)8(PtI6)3[PtI4(I3)2]•2I2, and (DMA)3PtI6(I3) are presented in Figures 5.13

- 5.15. All materials display no observable first order phase transition.

Figure 5.16: (a) Raman spectra of the poly/oligoiodide materials. (b) Nor-

malized optical absorption spectra (following Kubelka-Munk transformation of

diffuse reflectance spectra) for the poly/oligoiodide materials. The spectra of

the parent compounds (FA)2PtI6 and (GUA)2PtI6 are included for comparison.

Raman spectra illustrate the I–I bonding character of these compounds,

and are presented in Figure 5.16 (a). Two [PtI6]2− octahedron Pt–I vibrations
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of varying strengths can be seen at 141 cm−1 and 156 cm−1 in all samples

tested.[169] The other vibrations of interest are near 125 cm−1 and 180cm −1,

which are attributed to the vibrations of I−3 and I2, respectively.[148] When

classifying the polyiodide character of (FA)2PtI6•2I2, the absence of a strong

I2 vibration near 180 cm−1 is quite telling, as this vibration will shift to lower

energies if the I2 molecule is acting as an acceptor. The amount of shift will

depend on the strength of the respective donor species.[170] It is likely that

for (FA)2PtI6•2I2, the I2 vibration has shifted to lower energies near 110 cm−1,

which is frequently seen in spectra of extended polyiodides.[148, 150] This

suggests that even at room temperature (where the I2–I− distance is slightly

greater than 3.3 Å) this material is best thought of as a polyiodide. The material

(GUA)8(PtI6)3[PtI4(I3)2]•2I2, which has both I2 molecules as well as I−3 moi-

eties, displays an expected Raman spectrum with vibrations at both 180 cm−1

and 125 cm−1. For (DMA)3PtI6(I3), the expected I−3 vibration near 125 cm−1

is present, in addition to a peak near 110 cm−1 that is seen in Raman spec-

tra of longer chain oligoiodides,[148] and 140 cm−1, which is seen in Raman

spectra for symmetric I−3 containing compounds.[171] In this respect, both

(GUA)8(PtI6)3[PtI4(I3)2]•2I2 and (DMA)3PtI6(I3) are best considered oligoiodide

networks.

The optical absorption spectra of the three new poly/oligoiodide compounds,
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as well as their parent compounds, are presented in Figure 5.16 (b). We observe

similar optical properties for all materials tested, as was previously observed for

the A2PtI6 series.[159] For these platinum based compounds, the charge-transfer

absorption of the [PtI6]2− moieties dominates, regardless of structure. However,

one clear difference is the increased absorption in the higher energy (2.5 eV –

3.75 eV) of the spectra of (FA)2PtI6•2I2 and (GUA)8(PtI6)3[PtI4(I3)2]•2I2. This

increased absorption is caused by the higher-energy states of the I2 molecules

that lie above the platinum d eg states. The band structure of (FA)2PtI6•2I2

displays the typical underestimation of band gap when compared with experi-

ment.†

Figure 5.17 (a) displays the electron localization function (ELF) around io-

dine atoms and ions in (FA)2PtI6•2I2, projected on the structure, on the plane

that contains the infinite polyiodide chains. The lone pair lobes around the I2

units are arranged axially along I−–I2–I−, suggesting potential covalency in the

interaction with the lone pairs on the I− anions. Significant differences in the

shape of the localization between the apical iodides of the [PtI6]2− octahedra,

and the four equatorial iodides not a part of the 1D polyiodide chain, are also

seen, suggesting that the apical iodides are indeed involved in some degree of

bond formation within this 1D chain. Furthermore, we present the electrostatic

potential for (FA)2PtI6•2I2 in Figure 5.18 showing subtle evidence of σ-holes on
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the I2 molecules.† Given the appropriate angle and direction of the I–I· · · I and

N–H· · · I bonds and the possible σ-hole, there is potential for halogen bonding

stabilizing the observed structure of (FA)2PtI6•2I2.

Figure 5.17: Crystal structure of (FA)2PtI6•2I2 depicted in the plane containing

the infinite polyiodide chains. The ELF is displayed for an isosurface value of

0.8, showing the lone pairs around select iodide ions and I2 moieties.
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Figure 5.18: (a) The crystal structure of (FA)2PtI6•2I2, (b) the electron localiza-

tion function, and (c) the electrostatic potential visualized on isosurfaces of the

valence charge density for (FA)2PtI6•2I2. The color legend indicates the degree

of negative electrostatic potential.
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In conclusion, we have presented three new hybrid platinum iodide com-

pounds that emphasize the tendency of iodine and iodide to catenate, even when

the iodide is part of a complex anion. Hydrogen bonding appears to play a role

in stabilizing the observed structures.
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Chapter 6

Infinite polyiodide Iδ−∞ chains in the

pyrroloperylene-iodine complex:

Insights into the starch-iodine and

perylene-iodine complexes

In this chapter, we describe the preparation and X-ray crystallographic char-

acterization of the first crystalline homoatomic iodine polymer chain, Iδ−∞ , which

is part of a semiconducting pyrroloperylene-iodine complex. Interestingly, the

1Sheri Madhu, Vicky V. T. Doan-Nguyen, John G. Labram, Guang Wu, Michael L. Chabinyc,
Ram Seshadri, and Fred Wudl have contributed to the contents of this chapter.
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structure of iodine within the insoluble, blue starch-iodine complex has long re-

mained elusive, but has been speculated as having infinite chains of I. Close sim-

ilarities in the low-wavenumber Raman spectra of the pyrroloperylene-iodine

and starch-iodine compounds point to such infinite polyiodide chains in the lat-

ter as well.

Previous publication of this data can be found in Angewandte Chemie Inter-

national Edition, c©2016 John Wiley & Sons, Inc., reprinted with permission.

Sheri, M.; Evans, H. A.; Doan-Nguyen, V. T.; Labram, J. G.; Wu, G.;

Chabinyc, M. L.; Seshadri, R.; Wudl, F. Infinite polyiodide Iδ−∞ chains in

the pyrroloperylene-iodine complex: Insights into the starch-iodine and

perylene-iodine complexes, Angew. Chem. Int. Ed. 2016, 55, 8032 – 8035.

6.1 Introduction

According to Saenger,[172] the starch-iodine complex was discovered by

Colin and de Claubry over two hundred years ago.[173] The complex is bet-

ter described as amylose-iodine[172] and has continuously, over the years, been

considered as a clathrate of polyiodide and carbohydrate. The nature of the

polyiodide in this complex still remains to be fully characterized, and many
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of the references on iodine chain-containing compounds in the literature draw

analogies with the elusive starch-iodine structure. For example, Kahr et al.[174]

established the crystal structure of so-called herapathite: a quinine-iodine com-

plex with iodide trimers. Redel et al.[175] have reported a complex copper

iodide with chains of up to five iodine atoms. Lin et al.[176] have reported bent

anionic I−7 chains stabilized by complex multivalent organic ammonium cations.

Schröder and coworkers[177] have reviewed the rich structural chemistry that

emerges when macrocylic thioethers are employed to stabilize oligomeric io-

dine chains. Yin et al.[178] have reported a metal-organic framework based

on Cu(II) cations and I−5 and I−7 chains. Kloo et al.[179] have also employed

ab-initio techniques to study the structure and stability of short Iδ−n moieties in

the vacuum. These descriptions of iodide chains, as well as numerous others,

are better described as oligomeric rather than polymeric chains of iodine, with

lengths typically shorter than ten iodine units and usually containing molecular

iodine within the chain.[148] Indeed, a seminal resonance Raman spectroscopic

study of the starch-iodine complex carried out in 1978 led the authors to infer

the presence of predominantly I−5 species.[180]

A separate and highly relevant structural mystery involving iodine is that

of one of the earliest organic electronic conductors, the perylene-iodine charge

transfer complex,[181] which to this day not been fully resolved. It is clear that
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the hydrocarbon is partially oxidized and the iodine shows hints of iodine and

triiodide[182] but the latter are disordered in essentially all examined cases.

In this chapter we relate both stories and shed light on the science of

these functional organic materials. We have determined the structure of a

pyrroloperylene-iodine complex that comprises helical, infinite iodine chains

interspersed between π-stacks of pyrroloperylene cations. The electrical con-

ductivity of this compound is found to be close to 102 S cm−1 at room tem-

perature, and a change in the temperature coefficient of the conductivity at

temperatures close to 150 K is suggested as corresponding to a structural tran-

sition. Based on similarities between the published low-frequency Raman spec-

troscopic signatures of starch-iodine complex and the spectrum measured on the

pyrroloperylene-iodine compound, it is suggested that the starch-iodine complex

must similarly comprise infinite iodine chains.

6.2 Experimental details

The preparation of pyrroloperylene and the pyrroloperylene-iodine complex

was performed by Dr. Sheri Madhu.

Perylene and triethyl phosphate were used as obtained from Sigma Aldrich.

All other chemicals used for the synthesis were reagent grade. Solvents were
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dried by routine procedures immediately before use. Column chromatography

was performed on silica gel (60 to 120 mesh).

Synthesis of 1-nitroperylene (2):[183, 184] To a hot solution of perylene

(5.0 g, 19.8 mmol) dissolved in 1,4-dioxane (200 mL) was added a mixture of

5.0 mL of water and 4.5 mL of nitric acid (d = 1.5) dropwise while stirring. The

resulting solution was heated at 60◦C with vigorous stirring for 30 min, and

the initial yellow solution completely turned to brick red color. The reaction

mixture was cooled and transferred into 1 L of water. The solid was filtered,

dried under vacuum, and purified by column chromatography on silica gel with

hexane/toluene (75/25) as eluent to afford 2 as a brick-red crystal. Yield (1.77

g, 30%). 1H NMR (DMSO, 600 MHz): δ=8.56 (dd, 2H), 8.02–7.95 (m, 4H),

7.83 (d, J=8.4 Hz, 1H), 7.77 (dd, 2H), 7.69 (t, J= 7.6 Hz, 1H), 7.59 ppm (t,

J = 8.0 Hz, 1H). EI-MS, m (%), 297 (M+, 100%).

Synthesis of pyrroloperylene or 6H-phenanthro [1,10,9,8-c,d,e,f,g] carbazole

(3):[183, 184] A mixture of 0.50 g (1.7 mmol) of 1-nitroperylene (2) and 5 ml

of triethyl phosphite was heated at reflux under argon for 2 hr. Upon cooling the

reaction mixture to room temperature, the yellow brown amine 3 crystallized

and crystals were collected by filtration. Yield (0.38 g, 85%). 1H NMR (DMSO,

600 MHz, δ ppm): 12.20 (s, 1H), 8.74 (d, J = 8.2 Hz, 2H), 8.19 (d, J = 8.4 Hz,

2H), 7.99 (dd, 4H), 7.94 (t, J = 7.4 Hz, 2H). 13C NMR (DMSO, 150 MHz): δ =
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131.1, 130.2, 128.8, 125.5, 125. 1, 124.7, 121.3, 117.4, 116.0 ppm. EI-MS, m

(%), 265 (M+, 100%).

The preparation of the pyrroloperylene-iodide complex from solution by

slow cooling was straightforward, and employed a benzene solution containing

15 mg (0.0566 mmol) of pyrroloperylene 3 and 51 mg (0.198 mmol) of iodine,

kept at 65◦C in a vial with a screw cap. The solution was allowed to cool slowly

from 65◦C to 30◦C over a period of five days in a doubly insulated container.

Shiny needles with a dark yellow-green lustre were obtained in the bottom of

the vial. The crystals were found to be quite stable at room temperature under

STP conditions, but off-gassed iodine at higher temperature (as seen from the

thermogravimetric analysis.) The concentration most favorable for the forma-

tion of large (>1 mm) single crystals was 10 mg of pyrroloperylene and 35 mg

of iodine per 5 mL benzene solution. The dimensions of these crystals varied in

length from 1 mm to 5 mm, the width from 100µm to 200µm, and thickness

from 10µm to 50µm.

Single-crystal X-ray diffraction data acquisition was carried out on a

Bruker Kappa APEX II CCD diffractometer with graphite-monochromatized (Mo-

Kα= 0.71073 Å) radiation at a temperature of T = 100(2) K. Data were col-

lected with omega scan width of 0.5◦ at 3 different settings with exposure

time of 15 s keeping the sample-to-detector distance fixed at 60 mm. The X-
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ray data collection was monitored by the APEX2 program.[185] The data were

corrected for Lorentz, polarization and absorption effects using SAINT and SAD-

ABS. SHELXTL was used for structure solution and full matrix least-squares re-

finement on F2.[47] All the H-atoms were placed in geometrically idealized

position and constrained to ride on their parent atoms. All crystallographic rep-

resentations were carried out with VESTA.[48]

The solution 1H and 13C NMR spectra were recorded on a Varian Unity Inova

600 MHz spectrometer and referenced to tetramethylsilane.

The mass spectra were recorded on a Micromass QTOF2 system using elec-

trospray ionization.

Electrochemical measurements were performed with a Princeton Applied

Research Potentiostat/Galvanostat model 263A. The electrochemical measure-

ments were carried out in CH2Cl2 solution containing 0.1 M tetrabutylammo-

nium hexafluorophosphate (NBu4PF6) as the supporting electrolyte, with a plat-

inum disc, platinum wire, and silver wire as the working, counter, and pseudo-

reference electrodes, respectively. The ferrocene-ferrocenium (Fc/Fc+) redox

couple was used as an internal standard (4.80 eV below the vacuum level).

Differential scanning calorimetry (DSC) measurements were performed us-

ing a TA Q2000 calorimeter. Samples (2 mg to 10 mg each) were hermetically

158



sealed inside TZero aluminum pans.

Thermogravimetric analysis (TGA) was conducted using a TA Instruments

Discovery instrument. 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.

UV-Vis absorption was recorded on an Agilent 8453 spectrophotometer. Lu-

minescence was recorded on a Horiba FluoroMax 4 spectrometer with a Quanta-

φ integrating sphere.

FTIR was recorded on a Thermoscientific Nicolet iS10 FT-IR Spectrometer

with an attenuated total reflectance (ATR) setup.

Room temperature polycrystalline electron spin resonance (ESR) measure-

ment was recorded on Bruker EMXplus Spectrometer in the CW X-Band range.

For electrical transport measurements, a single crystal of the

pyrroloperylene-iodine complex was deposited onto a vitreous silica sub-

strate with a hypodermic needle. Using a stereo microscope, a small volume

of colloidal silver paste (Pelco) was deposited onto the substrate at each end

of the crystal, again using a hypodermic needle. The silver paste was allowed

to dry at room temperature in air for 1 h before the sample was transferred

to a cryogenic probe station. The chamber was evacuated to a pressure of
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1×10−4 mbar. The current was then measured as a function of voltage applied

across the length of the crystal using a Keithley 2400 SourceMeter. The conduc-

tance was extracted from the measured current-voltage characteristics using

3-point differentiation and taking an average across all applied voltages (−2 V

to +2 V). The conductivity was derived from the conductance by approximating

the crystal as a cylinder with a length of 1.2 mm and a diameter of 50µm, as

determined by optical microscopy.

Raman spectroscopy was performed using a Horiba Jobin-Yvon Lab ARAMIS

instrument equipped with a 785 nm laser and confocal microscope, equipped

with a 10× objective lens. The single crystals were measured using a 400µm

aperture, 400µm slit, and 1200 gratings per mm, with exposure time of 1 s,

averaged 20 times.
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6.3 Results and discussion

6.3.1 Perylene and pyrroloperylene characterization

Figure 6.1: Synthetic route for pyrroloperylene 3.

The synthesis procedure for pyrroloperylene is included in the Experimental

Details section of this chapter, and briefly summarized in Figure 6.1.
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Figure 6.2: (a) Normalized UV-Vis absorption and (b) emission spectra of pery-

lene 1 and pyrroloperylene 3 recorded in CH2Cl2 at room temperature. The

excitation wavelength in (b) was 380 nm. There is a notable blue shift on go-

ing from 1 to 3. (c) Cyclic voltammogram of perylene 1 and pyrroloperylene 3

recorded in CH2Cl2 with 0.1 M NBu4PF6, supporting electrolyte, at a scan rate of

50 mV s−1.

The absorption and emission spectra of perylene 1 and pyrroloperylene 3,

recorded in CH2Cl2 solution, are shown in Figure 6.2(a) and (b) and the rele-

vant data are presented in Table 6.1. The UV-Vis absorption spectrum showed

that pyrroloperylene exhibits a well-defined vibronic π–π* transition absorp-
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Table 6.1: Photophysical data for perylene and pyrroloperylene.

Compound perylene pyrroloperylene

absorption peak (nm) 390, 410, 435 381, 402, 422

absorption onset (nm) 460 440, 469

emission peak (nm) 448, 470, 602 438.0, 459.7 491.0

emission onset (nm) 430 420

HOMO (eV) −5.3 −5.3

LUMO (eV) −2.6 −2.3

tion band with the longest wavelength maximum at 422 nm, with two vibronic

components on the higher energy side at 381 nm and 402 nm respectively. The

absorption and emission bands of pyrroloperylene are hypsochromically shifted

relative to the corresponding perylene (Table 6.1). At first sight, this result is

surprising, since the 22 π-electron pyrroloperylene should be more conjugated

than the two-10 π system perylene, and the absorption and emission should be

red-shifted. The explanation clearly is that the two naphthalene units of pery-

lene are sufficiently close together that their optical properties are more complex

than can be expected from independent naphthalenes. The relative emission

spectra of perylene and pyrroloperylene display a similar blue shift. Pyrrolop-

erylene showed two emission bands at 440 nm and 469 nm, respectively.
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Cyclic voltammetry (CV) of perylene and pyrroloperylene at a scan rate of

50 mV s−1, recorded in CH2Cl2 using tetrabutylammonium hexafluorophosphate

(0.1 M) as the supporting electrolyte, with platinum as the working electrode

and Ag/Ag+ wire as the reference electrode, is shown in Figure 6.2(c). Com-

pound 3 shows a one-electron reversible oxidation at ca. 0.6 eV vs. Ag/Ag+,

while perylene exhibits a one-electron oxidation under the same conditions at

1 eV. Neither shows a reduction potential under these conditions, although pery-

lene is known to show a reduction wave at −2.1 eV.[186] The presence of the

oxidation wave at 0.6 V indicates that pyrroloperylene is a better reducing agent

than perylene and hence should produce more stable radical cation salts. The

HOMO values, calculated from CV, using a ferrocene-ferrocenium (Fc/Fc+) re-

dox couple as internal standard (4.80 eV below the vacuum level), for perylene

and pyrroloperylene were, ca. −5.3 eV and −5.1 eV, respectively. The LUMO

values of perylene and pyrroloperylene calculated using the optical band gap

are −2.6 and −2.3 eV, respectively (Table 6.1).
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6.3.2 Characterization of the pyrroloperylene-iodine com-

plex

Figure 6.3: Views of the crystal structure of pyrroloperylene-iodine complex at

100 K, showing pyrroloperylene π-stacks separated by racemic pairs of helical

chains of Iδ−∞ . In the top panel, the 99% probability thermal ellipsoids of I in two

of the chains are displayed.
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Figure 6.4: Two views of the room-temperature crystal structure of the title com-

pound, showing infinite polyiodide chains (with 10 unique I atoms per chain)

interspersed between π-stacked, disordered pyrroloperylene units. The panel

on the right displays distributions of I–I distances in the room temperature and

100 K structures of the title compound. Thermal contraction, and the slightly

enhanced dispersion in the distances at 100 K are noted.

The crystal structure of pyrroloperylene-iodine complex was solved at 100 K

and 300 K, and was refined to a composition of pyrrolloperylene-I2.2. The 100 K

structure is displayed in Figure 6.3, and the 300 K structure with a histogram

comparing iodine-iodine distances at both temperatures is shown in Figure 6.4.

The pertinent crystallographic details are listed in Table 6.2.

The structure at 100 K is monoclinic, space group C2/c (No. 15), solved with

R1 = 5.91%. In the crystal structure of the complex, pyrroloperylene exhibits a
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Table 6.2: Crystallographic information for the pyrolloperylene-iodine complex,

100 K and 300 K.

Empirical Formula C130H70.5I14.5N6.5

Crystal habit, color needle, black-green

Crystal system monoclinic trigonal

Space group (#) C2/c (15) P 1̄ (2)

Volume (Å3) 1397(1) 3645.8(8)

T (K) 100 300

a (Å) 37.939(7) 11.205(1)

b (Å) 18.507(3) 11.769(2)

c (Å) 29.839(5) 29.992(4)

α (◦) 90 86.097(2)

β (◦) 101.38(1) 79.655(2)

γ (◦) 90 69.571(2)

Z 8 2

ρ (g mol−1) 3563.48 3563.48

Dens. (g cm−3) 2.305 2.239

Abs. (mm−1) 4.430 4.304

F000 13316 2293

Reflections (unique) 66320(20947) 37556(14870)

Rint 0.509 0.1271

R1 0.0591 0.0848

wRR 0.0893 0.1540

∂F (eÅ−3) 1.061 & −1.520 1.428 & −1.896

GOF 0.682 1.180
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Table 6.3: Select bond distances in perylene, pyrroloperylene, and the

pyrroloperylene-iodine complex.

Compound bond distance (Å)

perylene

C1–C2: 1.411

C4–C9: 1.412

C8–C11: 1.499

C10–C19: 1.386

C17–C18: 1.403

pyrroloperylene

C1–N1: 1.402

C1–C2: 1.411

C4–C9: 1.412

C8–C11: 1.499

C10–C19: 1.386

C17–C18: 1.403

pyrroloperylene-iodine complex

C1–N2: 1.405, 1.434

C1–C2: 1.399

C4–C9: 1.413

C8–C11: 1.379

C10–C19: 1.386

C17–C18: 1.424
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nearly planar molecular conformation with an interplanar distance of 3.47 Å.

In the asymmetric unit, one of the pyrroloperylene molecules exhibits disor-

der of the N atom over two orientations related by the inversion center. The

pyrroloperylene stacks are interspersed with polyiodide chains in close proxim-

ity, and are parallel to each other. Table 6.3 compares pertinent bond lengths

of the organic in the pyrroloperylene-iodine complex, as well as the precur-

sor reagents. The 100 K crystal structure showed the presence of nearly linear

polyiodide chains with shallow helicity, and interatomic distances varying from

3.054 Å to 3.174 Å. These I–I distances for the 100 K structure are shown in Fig-

ure 6.5. The inter-iodine distances in the chain both in the 100 K and 300 K

structure are all greater than 3.00 Å, supporting the conclusion that no neutral

I2 units (interatomic distance: 2.70 Å)[187] are a part of the chains. This im-

plies that all the iodine atoms in the polyiodide chain carry a partial negative

charge. So far, with very few exceptions, the geometry of polyiodide chains (I5,

I7, and I9) reported in the literature is non-linear,[181] whereas the polyiodide

chain found in the pyrroloperylene-iodine complex at 100 K and 300 K is nearly

linear.
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Figure 6.5: Inter-iodine distances in the polyiodide chains determined from the

low-temperature (100 K) X-ray crystal structure, in angstroms. The red dashed

line and distance of 3.046 Å is the distance between repeats of 14 unique dis-

tances between the 15 crystallographically unique iodine atoms in the chains.
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Figure 6.6: TGA of the pyrroloperylene-iodine complex. The samples were run

under a 25 ml/min. dry nitrogen purge. The ramp rate was 10 ◦C/min up to

650◦C. The data were acquired using a TA Instruments Discovery TGA system.

Weight loss corresponding to volatilization of iodine, followed by complete sub-

limation of the organic is seen.

Thermogravimetric analysis of the pyrroloperylene-iodine complex is shown

in Figure 6.6. The degradation profile shows a two step mass loss, each propor-

tional to 50% of the mass. We believe it is reasonable to assert that iodine is the

first component to off-gas from the pyrroloperylene-iodine complex, as iodine is

well known to sublimate at room temperature.
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Figure 6.7: Solid state (a) UV-Vis absorption (in BaSO4) and (b) Infrared spectra

of the pyrroloperylene and pyrroloperylene-iodine complex. (c) Solid-state ESR

spectrum of the pyrroloperylene-iodine complex at room temperature.

The Kubelka-Munk transformation of the diffuse reflectivity of solid

pyrroloperylene and the pyrroloperylene-iodine complex, acquired in dispersion
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in BaSO4 is shown in Figure 6.7(a). The crystals of the pyrroloperylene-iodine

complex appear shiny and metallic and with an absorption extending through

visible range of the visible region into the near-infrared. This, as well as the fea-

ture observed near 1750 nm suggests the presence of free carriers, and is consis-

tent with the electrical transport measurement.[69] Both spectra show identical

overlapping bands in the region of 450 nm, which is also seen in the solution

spectrum of pyrroloperylene found in the experimental section. Figure 6.7(b)

compares the infrared spectra of pyrroloperylene and the pyrroloperylene-iodine

complex. The spectrum of the complex is dominated by free charge carriers,

starting in the 500 cm−1 extending all the way to NIR region. The intramolecu-

lar vibrational peaks of pyrroloperylene are very weak and are clearly masked by

the free charge carriers in the complex. The presence of these free carriers also

influences the line-shape of the room temperature electron spin resonance (ESR)

spectrum of the pyrroloperylene-iodine complex, displayed in Figure 6.7(c). The

open-shell complex displays an asymmetric signal centered at g = 2.0022, with

some complex features potentially arising from the powder averaging of a crys-

talline material.
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Figure 6.8: Optical microscope image of example pyrroloperylene-iodine sin-

gle crystal after attempted electrical characterization at cryogenic temperatures

(data not shown). The fracture occurred as the temperature was reduced from

300 K to 80 K.

Dr. John Labram examined the electrical properties of four single crystals of

the pyrroloperylene-iodine complex. In these experiments, we found some vari-

ation in their electrical behavior, attributable to mechanical defects and cracking

near the contacts during temperature changes. This is likely to be due to contrac-

tion of the crystal, which was suspended between static conformal contacts on a

quartz substrate. For this reason, several crystals were slowly reduced to 80 K, a

candidate crystal was selected and conductivity measurements were carried out

with increasing temperature. Figure 6.8 shows an example of a pyrroloperylene-

iodine crystal that fractured during the temperature-dependent measurement

process (electrical data not shown). Because of their fragility, we did not at-
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tempt four-probe measurements and our electrical data includes effects due to

injection at the contacts.
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Figure 6.9: (a) Current as a function of voltage applied along the length of

a single crystal of pyrroloperylene-iodine complex, measured at various tem-

peratures. (b) Average differential conductivity between −2 V and−1.5 V and

between 1.5 V and 2 V, acquired upon forward sweep, as a function of measure-

ment temperature T. The inset displays an optical microscope image of a single

crystal on silica. At the edge of the image the silver paste employed to contact

the crystal is visible. The crystal was assumed to be cylindrical with a length

of 1.2 mm and a diameter of 50µm. All measurements were carried out under

vacuum (104 mbar). (c) DSC heating and cooling traces suggesting a highly re-

producible incident near 150 K, corresponding to the temperature at which the

temperature-coefficient of conductivity changes slope.
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Figure 6.10: Conductivity as a function of temperature obtained by calculating

the slope of the I-V traces between the indicated voltages.
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Figure 6.11: Current measured as a function of voltage along the length of

the pyrroloperylene-iodine single crystal, at various measurement temperatures,

plotted with a linear (left) and logarithmic (right) scale on the y-axis. The

crystal was approximately cylindrical in shape and had a diameter and length of

approximately 50µm and 1.2 mm, respectively. Measurements were carried out

under vacuum at a pressure of 1×10−4 mbar.

A successful measurement of the electrical behavior is shown in Figure 6.9(a)

displaying non-linear I-V relationship over the range of applied biases examined.

A comparison between other applied biases is shown in Figure 6.10. The differ-

ential conductivity (dI/dV) was extracted from the data and shows a ten-fold

increase in conductivity from 300 K to '150 K across the entire range of applied

bias, followed by a significant decrease [Figure 6.9(b)]. There is some asymme-

try in the I-V data which we attribute to imperfect contacts (Figure 6.11).
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Figure 6.12: Forward and reverse current-voltage characteristics of

pyrroloperylene-iodine single crystal measured at various measurement tem-

peratures, along the length of the crystal, showing some hysteresis between the

forward and reverse sweeps at higher voltages. The crystal was approximately

cylindrical in shape and had a diameter and length of approximately 50µm and

1.2 mm respectively. Measurements were carried out under vacuum at a pres-

sure of 1×10−4 mbar.

We believe that the increase in differential conductivity is a materials prop-

erty because poorly injecting contacts would be expected to have the oppo-

site temperature dependence (injection would be worse at lower temperature).
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Some hysteresis is observed between forward and reverse measurements at

higher voltages and is hypothesized to be due to small structural instabilities

in the contact interface between the silver paste and the pyrrolopyrelene-iodine

crystal, or even perhaps some electromigration. This hysteresis is shown in Fig-

ure 6.12.

Overall the data is suggestive of metallic behavior above 150 K. The decrease

in differential conductivity near 150 K coincides with a phase transition with

no hysteresis observed using differential scanning calorimetry [Figure 6.9(c)]

further suggesting that the electrical behavior is representative of the crystal.

Because the structure is one-dimensional it is possible that Peierls physics is

involved.[188] Differential scanning calorimetry carried out on the complex in-

deed suggest a reproducible solid-state phase transition at approximately 150 K,

as shown in Figure 6.9(c), with no hysteresis. This led us to closely examine the

structure of the complex at room temperature, reported in detail in the experi-

mental section, which indeed suggests a slightly less distorted polyiodide chain,

consistent with the 150 K incident corresponding to a structural distortion.
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Figure 6.13: Comparative Raman spectra of the pyrroloperylene-iodine and

starch iodine complexes. The latter spectrum is a digitized from Teitelbaum

et al.[180]

Finally, Figure 6.13 displays a Raman spectrum of the pyrroloperylene-iodine

complex, in the low-energy regions associated with I-I modes. The strongest vi-

brational modes are found to be at 106.8 cm−1 and 150.1 cm−1. Previous reports

on compounds with finite chains of I−5 , I−7 , and I−9 display higher wave number

signatures[148, 175, 177, 189, 193] ie. varying from 160 cm−1 to 180 cm−1,

which can also include signatures of I2 at 215 cm−1 in the solid.[195] A sum-

mary of previously reported Raman studies on polyiodides can be found in Ta-

ble 6.4. This supports the assertion of polymeric iodine speculated to be found
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Table 6.4: Raman shifts of relevant polymeric iodine chain containing com-

plexes.

Chain length Compound shifts (cm−1) Reference

I−3

Me4NI3 107 [189]

Et4NI3 104 [189]

Pr4NI3 108 [189]

(Me4As)I3 108 [190]

(n-Bu)4NI3 108 [191]

(D2I)I3 121 [192]

TlI3 136 [189]

[(EtNH2)dt]I3 167 [177]

I−5

Me4NI5 153 [189]

Et4NI5 183 [189]

(Me4N)I5 113, 147, 158 [193]

I−7

[PPh4]I7 112, 118 [194]

[Et4N]I7 152, 182, 134, 108 [193]

[(bntMe)2I]I7 175, 157 [192]

I−9 [K(aneO52)]I9 180, 131, 109 [177]
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in starch-iodine, as reported in the spectrum from Teitelbaum et al.[180]

In conclusion, we report the isolation of a pyrroloperylene-iodine complex.

The electrical conductivity of this compound is found to be close to 102 S cm−1 at

room temperature, and a change in the temperature coefficient of the conductiv-

ity at temperatures close to 150 K is suggested as corresponding to a structural

transition. Based on similarities between the published low-frequency Raman

spectroscopic signatures of starch-iodine complex and the spectrum measured

on the pyrroloperylene-iodine compound, it is suggested that the starch-iodine

complex must similarly comprise infinite iodine chains.
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