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DISSERTATION ABSTRACT:

Jacob McKenzie
Doctor of Philosophy in Chemistry

Title: Charge Transport Phenomena in Fe-Based High Surface Area Materials

While conductive metal-organic frameworks (MOFs) and open-framework metal
chalcogenides (OFMCs) have received considerable attention in recent years, there are still
fundamental questions that remain unanswered. With literature abound describing ion and
solvent-dependent conductivity in mesoporous media and nonporous conductive polymers we
expect such phenomena to be heightened and unique at the interfacial extremes that microporous
materials and 2D Van Der Waals (vdw) materials possess. We utilize the unique properties of
Fe-based materials to design model systems in TMA2FeGe4S10 (TMA: tetramethyl ammonium)
and Fe(SCN)2(pyz)2 to explore the impact of solvent and electrochemically inert ions on charge
transfer and transport. Taken together, this dissertation describes for the first time, critical
solvent and ion interactions at interfacial extremes, which must be considered in the design of
advanced energy storage technologies where solvent and ion presence is ubiquitous. These
advanced energy storage technologies will prove critical in supporting renewable energy
generation, to reduce and eventually eliminate CO2 emission.

This dissertation contains previously published and unpublished co-authored material.



ACKNOWLEDGMENTS

Throughout my graduate education I owe a tremendous amount to so many people in my
life, that loved me even when I was truly undeserving. I’m so incredibly proud of the body of
work I can lay in front of them as a testament to my absence.
For starters, my mother and father, I love you both more then I know I say. You have been
tremendously supportive and gave me the freedom to fail, which has been critical in my growth,
not only as a human but a scientist. To my brand-new sisters, welcome to the family, and I
appreciate having more board game opponents around the holidays. To my brothers, Ryan,
Travis, and Josh. Ryan, your commitment to keeping the family group chat alive is admirable,
and our shared interest in Slipknot, who I’'m looking forward to seeing absolutely decimate this
upcoming Fall. Travis, for being the older brother who I got to watch play Halo as you never
shared, and for always wanting to discuss potential business opportunities, I look forward to
helping you develop the next billion-dollar idea. Josh, for giving me a home away from home in
Portland when growing up, you taught me so much about how to be a rational and ethical human
being, I look forward to visiting you in my new home away home in France one day.
I’m blessed in having not only a tremendous supportive family, but also a tremendous friend
group. Kennedy, Kyle, Brandon, Bria, and Joseph, I’ve known some of you since I was just a
wee child, trading cheese and crackers on the playground. As long as there are videogames to
play, no matter where we all are, we will always have something to share in. I owe you all for
providing important escapes back to Washington to party, and for a moment forget I have a
billion experiments to run and papers to write.

I also could not have done this without the tremendous lab that Carl K. Brozek has
cultivated. Obviously, I first must thank Carl for believing in me and giving me the freedom to

4



fall down horrifying esoteric electrochemical impedance rabbit holes, and extending at times,
friendship. You went above and beyond what is expected of a PI, and your passion for chemistry
is inspiring. Under your guidance, I have become a scientist I never would have imagined I could
be, when I first sat down in my undergraduate General Chemistry course in 2014, with only an
English Literature major on my mind. To my fellow lab members past and present: Checkers
Marshall, Kevin Fabrizio, LeRoy, Ashley Mapile, Audrey Davenport, Quinn Valentine, Faiqa
Khaliq, Golnaz Navidi, Erik Grape, Jiawei Huang, Kentaro Kadota, Stacey Andreeca, Jeffrey
Gombart, Jeremy Love, and others, thank you for dealing with my at times neurotic,
disorganized, and messy self, and providing a safe space to ask stupid questions and offer simple
solutions to what at times seems like impossible tasks. And to LeRoy, for always being down to
get a PBR and talk trash, and at times mosh among fellow degenerates of Eugene at John
Henrys. We’ve likely taken years off our life, but it’s not like graduate school wasn’t already.

Lastly, I want to thank my partner Victoria Dow, who besides showing me there is a town
in Oregon called Cresswell, has been an integral part of my formative years in graduate school.
She taught me that you don’t have to be pursuing a PhD in STEM to be brilliant. I will never
stop laughing at literally everything you say. I didn’t think I’d come out of Eugene with anything
but a PhD, debt, and a bad attitude, but I somehow managed to stumble out of it with a PhD,

debt, a bad attitude, and a life partner.



This dissertation is dedicated to Johnathan Henrys,
music you can smell.



TABLE OF CONTENTS

Chapter

L. INTRODUCTION ...ttt
Energy Storage is Critical for Decarbonization ..........ccccceeevuveeniiieiniieenieennnen.
Better Energy Storage with Intercalation Pseudocapacitors...........cccceeevueeennen.

Open-Framework Materials Offer Ideal Platforms for Studying
ENEIZY StOTAZE ...ceeiiiiiiiiiiiiieee et e e e e e

Charge Conduction in High Surface Area Materials...........cccovuveeniiiiiniiiiennnenn,

IL. CONDUCTIVITY IN OPEN-FRAMEWORK

CHALCOGENIDES TUNED VIA BAND ENGINEERING

AND REDOX CHEMISTRY ...cootiiiiiiieeiiie et
INEOAUCTION. ...ttt e et e e et e e e et ee e eebbeeeeennaees
Results and ANaLYSis........cooouuiiiieiiiiieeeeiiee et e e

DISCUSSION ..ttt e e e e e e e et e e e e e e e e e eeaeeeeaaaaeaees

COMNCIUSIONS ... ettt e e et e e e e e e e e e e e e e eaanas

111 SOLVENT-CONTROLLED ION-COUPLED CHARGE
TRANSPORT IN MICROPOROUS METAL
CHALCOGENIDES .......ooiiiiiiiiiieiee ettt
INEOAUCTION. ..ottt ettt e e ettt e e e et ee e eebbaeeeenaes
Results and ANALYSIS........cooiuiiiiiiiiiiieeeeiiie e e

DISCUSSION ..ttt e e e e e e e e e e e e e e e e e e eaeeeeeaaaaeaeen

COMNCIUSIONS ... ettt e e e e e et e e e e e e e e e e e eeeanas

Page



IV.  IRON-BASED OXIDATIVE COUPLING
ENABLES INTERLAYER CHARGE TRANSFER
IN 2D VAN DER WAALS METAL-ORGANIC

FRAMEWORKS ..o 90
TN OAUCTION et e e et e et e e e e e e e e eaaeeaees 90
Results and ANaLYSiS........ccoiuuiiiiiiiiiiie e e e e 92
DISCUSSION ..ttt e e e e e e e e e e e e e e e e eeeeeeeaaaaeaees 104
COMNCIUSIONS ... ettt e e et e e e e e e e e e eaeeeeeeaanas 106
V. CONCLUDING REMARKS ...t 108
APPENDICES ... oo e e e e e e e e 111
A. SUPPLEMENTARY INFORMATION FOR CHAPTER 2 ...couvveeveeeean.. 111
B. SUPPLEMENTARY INFORMATION FOR CHAPTER 3....cooveiieeieeieeann. 150
C. SUPPLEMENTARY INFORMATION FOR CHAPTER 4.....cccuevveeeeeeannnn. 169
REFERENCES CITED ...ttt e e e e e e 183



Figure

1.1

1.2

1.3..

1.4

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

LIST OF FIGURES

Page
Copernicus Climate Change Service/European Centre for
Medium-Range Weather Forecasts Data .................oooiiiiiiiiiiniian, 20
Relative energy vs. power densities for selected energy
storage teChNOlOZIES ......ovvviii it sne e 22
Crystal Structure of a) Nb2Osand b) B-TiO.............ccoooiiiiiiii, 24
a) electronegativities of common metals and coordinating
linker atoms b) Potential energy wells associated with
ionic Fe-O bond c) Potential energy wells associated
with covalent Fe-Sbond ... 27
Crystal structure of open framework chalcogenides
TMAZMGEAQI0 v ettt e 35
Experimental powder X-ray diffraction patterns (red)
for Ni—S (2) and Co—Se€ (C) ...ouriiriiie e e 35
Calculated electronic structures of Fe—S (a), Ni—S (b), and Zn-S (¢) ............ 37
DC magnetic susceptibility for Fe-Sata 0.1 T
external magnetic field strength .................... 39
Room-temperature Mdssbauer spectrum of Fe—Se prepared in-air ............... 40
Diffuse reflectance UV—vis—NIR spectra of TMA>2MGesQ10
collected at 300 K ... . oeiei 42
Conductivity of frameworks prepared in-air ...............cocovviiiiiiiiiiennnnn... 46
Effect of synthetic preparation on the physical
properties of Fe frameworks ..., 48
Comparison of Fe—S produced air-free and in-air versus
post synthetic treatment by redox reagents ...............cceviiiiiiiiiiiiiiinnnn.. 51
Summary of AC conductivity of air-free Fe—S
as a function of applied potential ... 52



Figure Page

2.11 Summary of the effect of chemical oxidation on Mn—S,

Co-S, and Ni—S frameworks ..........ooiviiiiiiiiiiiii e 54
2.12 Comparison of valence band dispersions of frameworks

with different metal ions, chalcogenides, and oxidation states ................... 56
2.13 Arrhenius plots of variable DC conductivity ............c.coceiiiiiiiiiiiii... 57
2.14 Summary of the effect of sulfur defects on Fe-S framework ..................... 59

3.1 Chronoamperometry traces of TMA2FeGesS1o
and TMA2ZnGesS10 pressed pellets ......oovveeiiiiiiiiiiiieeea, 70

3.2 Solvent-dependent DC conductivity values of
TMAQFCGC4S]0 and TMAQZHGC4S]0 ................................................. 73

3.3 Nyquist plots of TMA2FeGesS10 pressed-pellets when dry a)
and after addition of DCM b), n-propanol ¢), and deionized water d) ........... 75

3.4 Nyquist plots of TMA2ZnGesS10 pressed-pellets when dry a)
and after addition of DCM b), n-propanol ¢), and deionized water d) ........... 77

3.5 Solvent-dependent parameters fitted from EIS
spectra modelled by equivalent CIrcuits ..............ooeviiiiiiiiiiiiiiiiiinnn 79

4.1 a) 3D crystalline structure for Fe(SCN)2(pyz)2. b) methanolic
solution of exfoliated Fe(SCN)2(pyz)y: displaying the Tyndall
effect. ¢) local octahedral coordination environment of iron
centers. d) Powder x-ray diffraction patterns ...............c.coeviiiiiiiiiin..n. 93

4.2 a) UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets
suspended in MeCN pre and post atmospheric oxidation.
b) UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets
suspended in a 0.1M TBAPF6 MeCN solution as 700mV
VS Ag/AgH IS applied ..o 96

4.3 a) Simulated transitions and relative absorption strength for

monolayer and bulk Fe?"3*-SCN-pyz. b) Occupied level orbitals
and virtual level orbitals ......... ... 97

10



Figure

4.4

4.5

4.6

A.l

A2

A3

A4

A5

A6

A7

A8

a) UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz
nanosheets suspended in diethyl ether, MeCN, DCM, n-propanol,
and MeOH at 184uM. b) Oscillator strength sum across the visible
light bands vs solvent dielectric. ¢) Concentration dependence of

atmospherically oxidized Fe-SCN-pyz nanosheets ..........................

a) UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz
nanosheets suspended in MeCN as TBABF4 is titrated in

b) DR UV-Vis of atmospherically oxidized Fe-SCN-pyz
before and after saturating the pellet with

a 1M MeCN solution of TBABF4 .....oovvii i

UV-Vis of atmospherically oxidized Fe-SCN-pyz
and Fe-SCN-4,4’-Bipyridine suspended in THF.
c) UV-Vis of atmospherically oxidized Fe-SCN-pyz,

Fe-SeCN-pyz, and Fe-Cl-pyz suspended in THF ............................

Experimental (red trace) and simulated (black trace) powder

X-ray diffraction patterns of TMA4GesS10.........ccoiviiiiiiiiiiiiit.

Experimental (red trace) and simulated (black trace) powder

X-ray diffraction patterns of TMA4GesSei0 ..........ocovviviiiiinninnn..

Experimental powder X-ray diffraction patterns for
TMA2MGesS10 (M: Mn, Fe, Co, and Zn) compared against

simulated patterns of the Mn material ..................c.ocoiiii

Experimental and simulated powder X-ray diffraction

patterns for TMA2FeGe4Se10 .....ovoviviiiniiiiiiic e,

AC magnetic susceptibility for TMA2FeGesS1o
giving in-phase a) and out of phase b)

components OF XM ..ot

Magnetization data for TMA2FeGesSioat 1.8 K ...,

DC magnetic susceptibility for TMA2FeGesSeio at external

magnetic field strengths of 0.1 (red trace) and 0.5(black trace) T .........

AC magnetic susceptibility for TMA2FeGesSeio
giving in-phase a) and out of phase b)

components OF XM ........oiiiuiiii i

Page



Figure Page

A.9 DC magnetic susceptibility for TMA2NiGesS10 at external
magnetic field strengths of 0.1 (red trace), 0.5 (black trace),
and 1 (blue trace) T .....ooiiniii 126

A.10 AC magnetic susceptibility for TMA2NiGesSio
giving in-phase a) and out of phase b)
COMPONENLS OF XM ...\ttt e 126

A.11 DC magnetic susceptibility for TMA2C0oGesS10 at external
magnetic field strengths of 0.1 (red trace), 0.5 (black trace),
and 1 (blue trace) T ..o 127

A.12 AC magnetic susceptibility for TMA2CoGesSio
giving in-phase a) and out of phase b)
COMPONENLS OF XM .. .u et 127

A.13 DC magnetic susceptibility for TMA2MnGesS1o at external
magnetic field strengths of 0.1, 0.5, and 1 (red traces) T .................cooeneie. 128

A.14 AC magnetic susceptibility for TMA2MnGesS1o0
giving in-phase a) and out of phase b)
COMPONENES OF XM ...ttt 128

A.15 Diffuse reflectance data plotted as the Kubelka-Munk
function F(R) for TMA2NiGesS10 (purple trace),
TMA2CoGesS10(solid orange trace), TMA2CoGesSeio
(dotted orange trace), and TMA2FeGesS10 (red trace)
in the region of ligand-field transitions ..............c.oooviiiiiiiiiiiiiiiiinnen, 129

A.16 Tauc plot transformation of diffuse reflectance data for a) TMA2MnGesSi0

b) TMA2COGEASEI0 . veieeeiei e e e 131
A.17 Gaussian fits for TMA2NiGesS10 a) TMA2FeGesS10 b),

TMA2ZnGesS10 ¢), TMA2C0GesS10 d) and TMA2FeGesSe0€) ..vvevvvnnnnnnnn. 132
A.18 Gaussian fits for TMA2FeGesS10 under in-air a) and air-free b) conditions ..... 133

A.19 Gaussian fits for TMA2FeGesSe10 under in-air a) and air-free b) conditions ... 133

A.20 Simulated band structures and pDOS states for as synthesized materials ....... 135

12



Figure Page

A.21 Impact of Fe oxidation state on the simulated band structures
and pDOS states for TMA2FeGeaS/S€10 .....uvvviviviiiiiiiiieiieeieea

A.22 Unit cell of TMA2FeGesS10 before (solid color) and after
(faded) oxidation Of Fe ........ooiiiiiiii e,

A.23 Impact of Mn oxidation state on the simulated band
structures and pDOS states for TMA2MnGesS10 ........ooovviiiiiiiiiiiiiinnn,

A.24 EIS responses (black traces) at 0.2 V a) and -0.3 V b) vs. OCP
from the 3 electrode pressed pellet measurements ...............ocveveieiinnnne.

A.25 Chronoamperometry traces for -0.3 V a) and 0.3 V b) vs. OCP
from the experimental set-up detailed in Figure A.24 ...

A.26 Gaussian fits for TMA2FeGesS10 prepared by air-free conditions
after FcBF4 chemical treatment ...

A.27 Experimental powder X-ray diffraction patterns of
TMA2FeGesSi10 after FcBF4 chemical treatment at 0.5 eq
(purple trace) and 1.5 eq. (PINK trace) .......c.ovviiriiiiiiiiiiiiiiieieieeeaeas,

A.28 Kubelka-Munk transform before (blue trace) and after (black trace)
FcPFs chemical treatment for TMA2C0G@4S10 ..o,

A.29 Kubelka-Munk transform before (blue trace) and after (black trace)
FcPFs chemical treatment for TMA2NIGe4S10 .....oooviiiiiiiiiiiiee e,

A.30 Tauc plot transformation of diffuse reflectance data for
TMA2MnGesS10 before (black trace) and after chemical treatment
with FCPFe (purple trace) .......c.ooviieiiiiiiii e,

A.31 High-resolution XPS spectra of TMA2C0GesS10 before (red trace)
and after (black trace) treatment with FcPFs, showing the S 2p a),
Ge3db),and Co 2P C) cuvinniiniiii e

A.32 High-resolution XPS spectra of TMA2NiGesS10 before (red trace)
and after (black trace) treatment with FcPFe..........................c

A.33 High-resolution XPS spectra of TMA2MnGesS10 before (red trace)
and after (black trace) treatment with FcPFs, showing the S 2p a),
Ge3db),and MN 2P C) .ovvinniiii e



Figure

Page

A.34 High-resolution XPS spectra of TMA2FeGesS10 prepared air-free before (red trace)

and after (black trace) treatment with FcPFe, showing the S 2p a),

Ge3db),and Fe 2P C) vouviniiiiiii e

A.35 Experimental powder X-ray diffraction patterns for TMA2FeGesSi0 pre

(red trace) and post desulfurization procedure ................cceiviiiiiiiinnn..

A.36 UV-Vis spectrum of a dark blue solution that was allowed to develop
for 1 hour after the orange methylene blue assay mixture

was spiked with 200Ul ..o

A.37 Electrochemical characterization of water-treated Fe-S .........................

A.38 High-resolution XPS spectra of TMA2FeGesS10 before (red trace)
and after (black trace) water treatment, showing the

S2pa),Ge3db),and Fe2pC) .covuriiriiiiii i

A.39 Representative IV curves from 2 electrode pressed pellet measurements .....

A.40 Experimental powder X-ray diffraction patterns of TMA2FeGesS10 pristine
(black trace) and after being pelletized at 2000 psi,

used in electrochemical oxidation experiments ................cooeevviiniiniin.n.

B.1 Experimental (red trace) and simulated (black trace)

powder X-ray diffraction patterns of TMA4GesSi0............ccoooviiiiininn...

B.2 Experimental powder X-ray diffraction patterns for
TMA2MGesS10 (M: Fe and Zn) compared against a

simulated pattern of TMA2FeGe4S10......c.oovviiiiiiiiiiiiieieeee

B.3 Cottrell plots for the current transients obtained at
-0.2V of a pressed pellet of TMA2ZnGesS1o before a)

and after b) the addition of 10 pL of deionized water ............................

B.4 Cottrell plots for the current transients obtained at
-0.2V of a pressed pellet of TMA2FeGesSio after

the addition of 10 puL of deionized water ................cooiiiiiiiiiiininn...

14



Figure Page

B.5 Steady-state current values vs. applied potential derived
from chronoamperometry experiments for pressed pellets
of TMA2FeGesS10 before a) and after b) the addition of 10uL.
of deionized water and pressed pellets of TMA2ZnGesS10 before ¢)
and after the addition of 10uL of deionized water d) ...................oeiiint. 156

B.6 I-V curves measured for pressed-pellets of TMA2FeGesSio
scanned at 2mV/s subjected to various conditions ................oeviiiiiiiinnn. 157

B.7 1-V curves measured for pressed-pellets of TMA2ZnGesSio
scanned at 2mV/s subjected to various conditions ................ceeiiiiiiiinni. 158

B.8 Solvent-dependent DC conductivity values of TMA2FeGesS10 a)
and TMA2ZnGesS10 b) The conductivity values are plotted vs. solvent size ... 159

B.9 Nyquist plots of TMA2ZnGesS10 pressed pellets after addition of
IPA a), MeOH b), and EtOH C) .....ooviiiii e, 160

B.10 Nyquist plots of TMA2ZnGesS10 pressed-pellets focused on the

high frequency domain after addition of EtOH a), MeOH b), n-propanol c),
IPA d), CH2Cl: e), deionized water f), and dry ) ..........coooiiiiiiiiiiin.. 161

B.11 Nyquist plots of TMA2FeGesS10 pressed pellets after addition of
IPA a), MeOH b), and EtOH C) ......coooiiiiii e 161

B.12 Nyquist plots of TMA2ZnGesS10 pressed pellets after addition of
deionized water a), and a 0.1M TMABTr aqueous solution b) ..................... 163

B.13 Arrhenius plots for the low a) and high b) frequency x-intercept
resistances from temperature-dependent EIS performed on
pressed pellets of TMA2ZnGesS10 after formamide treatment c) ................. 164

B.14 I-V curves for pressed pellets of TMA2FeGesS10 scanned at 2mV/s
from 30 - 65 °C before a) and after b) the addition of ortho-dichlorobenzene.
Arrhenius fits (dotted traces) provide electronic conduction
activation barriers for dry (blue) and ortho-dichlorobenzene (red) ............... 167

B.15 I-V curves for pressed pellets of TMA2FeGesSi0 scanned at 2mV/s
from 30 - 60 °C before a) and after b) the addition of formamide.

Arrhenius fits (dotted traces) provide electronic conduction
activation barriers for dry (blue) and formamide (red) .......................... 168

15



Figure Page

C.1 Experimental (red trace) and simulated (black trace)
powder X-ray diffraction patterns of Fe(SeCN)2(pyz)2 ......covvvviiiiiniinnnn. 172

C.2 Experimental (red trace) and simulated (black trace)
powder X-ray diffraction patterns of desolvated
Fe(SCN)2(4,4-Bipyridine)2 ... ..ot 173

C.3 Experimental (red trace) and simulated (black trace)
powder X-ray diffraction patterns of Fe(Cla(pyz)2 ......c.covivviiiiiiiiiiin, 174

C.4 UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets suspended
in MeOH, MeCN, and THF under inert N> atmosphere ........................... 175

C.5 DR UV-Vis spectrum of bulk and nanosheets of Fe-SCN-pyz
under inert N2 atmosphere ..........ooooiiiiiiii i 175

C.6 DR UV-Vis spectrum of bulk Fe-SCN-pyz and nanosheets
after 2 months of atmospheric eXposure ..............cooeviiiiiiiiiiiiiniiaiiinann.. 176

C.7 TEM images of bulk Fe-SCN-pyz prepared by drop-casting
10 mg/ml methanolic solutions onto TEM grids ...........ccoceieiiiiiiiiiniin 177

C.8 a), b) TEM images of bulk Fe-SCN-pyz after 2 months of
atmospheric exposure prepared by drop-casting
10 mg/ml methanolic solutions onto TEM grids.
a) Moiré pattern of slip stacked nanosheets .................ooooiiiiiiiiiii 177

C.9 Cyclic voltammetry of a solution of suspended Fe-SCN-pyz
nanosheets in a 3 electrode cell with 0.1M TBAPFs as the supporting
electrolyte, scanned at 10 MV/S ......oooiiiiiiiiiii 178

C.10 UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets
suspended in a 0.1M TBAPFs MeCN solution as a) 700mV vs. Ag,
a) 100 mV vs. Ag, and ¢) 700 mV vs. Agisapplied ...........ccoeviiiiiininn... 178

C.11 a) Concentration dependence of electrochemically oxidized

Fe-SCN-pyz nanosheets suspended in MeCN. b) Absorption at ~500nm

as a function of CONCENTTALION ......euinuineitii i 179
C.12 Room-temperature Mossbauer spectrum of a) bulk Fe-SCN-pyz

and b) Fe-SCN-pyz nanosheets after 2 months of air exposure .................. 180

16



Figure Page

C.13 a) UV-Vis spectrum of a Fe-SCN-pyz nanosheets subjected to
ferrocenium oxidation (0 — 0.8 eq.) suspended in MeOH
b) UV-Vis spectrum of 0.8 eq. ferrocenium oxidized sample
as TBABF4 is added to the solution .............c.ocooiiiiiiiiiiiiii 181

C.14 a) UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets
suspended in MeCN as a) TBANO3 b) TBAPFs
is titrated in

C.15 a) FTIR full spectrum of atmospherically oxidized Fe-SCN-pyz
nanosheets and bulk Fe-SCN-pyz b) FTIR spectrum highlighting
C-N region for bulk Fe-SCN-pyz and oxidized Fe-SCN-pyz
nanosheets pre and post addition of large excess of
TBANO3, TBAPFs, and TBABF4 ..o, 182

17



Table

2.1

A.l

A2

A3

A4

A5

A6

A7

A8

B.1

B.2

LIST OF TABLES

Optical Gap Energies (Eg) as Determined Experimentally
from Tauc and Gaussian Plots Compared against Those

from Simulated Band Diagrams ...............ccoooiiiiiiiiiiiiii

Refined Lattice Parameters (a,c) for as synthesized materials .............

Ligand field parameters as calculated from transitions

observed in Figure A.15 ...

Calculated relative percentage of each elements (M, Se/S, Ge)
from pDOS at the VBM of MGesS/Seio materials

where M is Mn, Fe, Co, NI, and Zn .........oooviiiiiiiiiiiii i

Fitted values with percent error for circuit elements used in

EIS fits for Zn-S and Fe-S pressed pellet AC measurements ..............

Binding energies of the S 2p, Ge 3d, and Co 2p features of

TMA2C0GesS10 before and after treatment with FcPFe .....................

Binding energies of the S 2p, Ge 3d, and Ni 2p features of

TMA2NiGesS10 before and after treatment with FcPFe .....................

Binding energies of the S 2p, Ge 3d, and Mn 2p features of

TMA2MnGesS10 before and after treatment with FcPFe ....................

Binding energies of the S 2p, Ge 3d, and Fe 2p features of

TMA2FeGesSio prepared air-free .........ccooeviiiiiiiiiiiiiiiiiiiiiinan..

Equivalent circuit fit parameters and their associated percent error

for pressed pellet EIS performed on TMA2FeGesSio.................c... ..

Equivalent circuit fit parameters and their associated percent error

for pressed pellet EIS performed on TMA2ZnGesSi0.........c.cceeenee...

18

Page



LIST OF SCHEMES

Scheme Page

2.1

2.2

3.1

3.2

3.3

Conditions necessary to generate sulfur defects in FeGesSi0
and Methylene Blue Assay reaction for confirming presence
of HzS as the primary decomposition production in desulfurization .............. 58

Band diagrams summarizing the impact of redox chemistry,
defect states, and frameworks composition on band curvature,
carrier concentrations, and mid-gap States ............ccoiiiiiiiiiiiiiiiie 60

Representations of TMA2FeGesS10 viewed along the

a) [100] and b) [101] directions. Proposed conduction

pathways of delocalized electrons and extra-framework

cations are highlighted in green and pink, respectively ............c..cooeoiinie 68

Conduction pathways for the band-type Fe a) versus
hopping-type Zn b) analogues ...........ooeviiiiiiiiiiiii e 84

Generalized impedance response for an ideal mixed conductor

(black solid trace), an ion-coupled conductor (dotted red trace; TMA2ZnGesS10),
and ion-limited conductor (dotted blue trace; TMA2FeGesS10) ....c.oovvvveenntn. 88

19



CHAPTER I

INTRODUCTION

Chapter I is written by myself.

Chapter II is based on published work in Chemistry of Materials, with coauthors: Le, K.
N.; Bardgett, D. J.; Collins, K. A.; Ericson, T.; Wojnar, M. K.; Chouinard, J.; Golledge, S.;

Cozzolino, A. F.; Johnson, D. C.; Hendon, C. H.; Brozek, C. K.

Chapter I1I is based on published work in Chemical Science with coauthors: Brozek, C. K.;

Kempler, P. A

Chapter IV is based on currently unpublished work with coauthors: Pennington, L. P.;
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1.1 Energy Storage is Critical for Decarbonization.
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Figure 1.1 Copernicus Climate Change Service/European Centre for Medium-Range Weather
Forecasts Data showing by the year the number of days with temperature increases between 1-1.25
°C, 1.25-1.5°C, and above 1.5°C vs. average pre-industrial temperature (1850-1900).
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Recently, 2023 was the hottest year on record, with every day of the year >1°C warmer
than preindustrial temperatures (Figure 1.1).! Of these days, nearly half of these days were 1.5°C
warmer than preindustrial temperatures. This warming is especially concerning as 1.5°C
warming is the often-cited limit to avoid catastrophic climate collapse.? As is, a continued
upward trend is predicted as CO> concentrations in the atmosphere continue to grow, with
worldwide atmospheric CO> levels in February 2024 a record-breaking 425ppm.* Continued
global temperature changes will dramatically impact human and animal well-being as the world
faces increasing strife from droughts, storms, and flooding.*

The Global Carbon Project has reported that in 2023, 90% of global CO; emissions were

the result of fossil fuel combustion for energy.> For this reason, transitioning from fossil fuels to

clean renewable technologies is the primary strategy for reducing CO> emissions. While
renewable technologies have seen price drops competitive with fossil fuel technologies, they still
have underlying flaws that limit their application in total replacement of fossil fuels.® For
example, renewable technologies such as solar and wind are inherently intermittent, and fossil
fuels are burned in the interim. The solution commonly proposed is the joint deployment of
sustainable energy generation with energy storage technologies.” Any energy not immediately
consumed can be stored and used when energy generation isn’t possible. Such energy storage is
often accomplished with pumped storage hydropower, which comprises a sizable ~99% of all
deployed energy storage.® However, this technology has distinct disadvantages. For example, the
effective deployment of this technology requires a tremendous upfront economic and
environmental cost. In addition, leading experts suggest due to stringent land requirements,
we’ve reached the limit on constructable pumped hydropower plants.® Furthermore, lakes which

comprise 87% of Earth’s freshwater and are critical to pumped hydropower’s function are seeing
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a dramatic increase in evaporation rates due to climate change.’ Climate change also manifests in
frequent flooding and droughts, affecting water reservoirs critical to functioning hydropower
plants.!?

1.2 Better Energy Storage with Intercalation Pseudocapacitors.

In selecting energy storage replacements for pumped hydropower, many would argue for
lithium-ion batteries, which were paramount in decarbonizing the automotive sector. However,
the energy to power a small vehicle is far smaller than the energy needed to power massive
industrial processes or entire electrical grids. Even in battery arrays containing 25,600 lithium-
ion batteries, the energy density is still far less than pumped hydropower, only generating 5

MWh, 2700 times less than a typical pumped hydropower plant.!! Moreover, lithium-ion
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Figure 1.2 a) Relative energy vs. power densities for selected energy storage technologies.
Depiction of the mechanism of charge storage for b) pseudocapacitors, c¢) intercalation batteries,
and d) intercalation pseudocapacitors.
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batteries often have inherent device stability due to sluggish intercalation and phase change-
induced volumetric expansions.

Unlike lithium-ion batteries, supercapacitors or pseudocapacitors are energy storage
technologies hailed for their near-infinite cyclability. However, they have minimal energy
density, with charge only stored at the material surface. Herein lies the fundamental tradeoft.
Visualized in Figure 1.2, energy storage can have either massive power or energy densities, but
never both. Ideally, when selecting energy storage to support renewable energy generation one
wants a technology with high energy density, power density, and long device lifetimes. Recent
research has described a new elusive energy storage mechanism that could realize such a device,
intercalation pseudocapacitance.

Pseudocapacitors, like batteries, store charge through reversible redox couples. However,
while batteries store charge throughout the entire material, pseudocapacitors only utilize surface
redox sites. For this reason, the redox in pseudocapacitors is ultra-fast as it doesn’t rely on the
massive kinetic barriers ion intercalation requires. Similarly, intercalation pseudocapacitors
intercalate without massive kinetic barriers at time scales comparable to surface adsorption in
pseudocapacitors. Furthermore, there is no kinetically limiting phase change as often seen in
traditional intercalating technologies, which further hinders device performance. As is, not many
materials currently display this charge storage mechanism as intercalation is almost always a
kinetically limiting and diffusion-controlled process. The classic intercalation pseudocapacitors
in the literature are Nb>Os and bronze phase TiO». These materials reversibly store charge
through Nb>* and Ti*" reduction throughout the entire material, with ion diffusion time scales
comparable to ion adsorption. Researchers hypothesize that this behavior manifests from these

materials’ open-pore structure. Visualized in Figure 1.3 are the crystal structures of both Nb2Os
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and TiO» where the 2D tunnels of 3.5 and 4.6 A respectively are hypothesized to provide low-
energy Li* diffusion pathways.!>!? These relatively small micropores with sizes similar to Li*
(0.74 A) are most effective in minimizing energy barriers for Li* conduction.'* These low-energy
pathways for Li* transport allow for rapid transport without substantial material deformation,
suppressing undesirable phase changes. In the case of Nb.Os composite technologies, the cycle
stability has been reported as high as 120,000 cycles.!> However, these materials still have not
seen widespread industrial application due to expensive titanium and niobium metals, and poor
electronic conductivity requiring composite engineering to achieve device viability.!3 To realize
the industrial application of this superior energy storage mechanism, broadening the material
landscape is critical, and identifying tunable model systems to understand scarcely understood

structure-property relationships.
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Figure 1.3 Crystal Structure of a) Nb2Os and b) B-TiO». The insets showcase the 2D channels
responsible for low energy Li* diffusion pathways.
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1.3 Open-Framework Materials Offer Ideal Platforms for Studying Energy Storage.

Open-framework materials are renowned for their synthetic diversity due to the bottom-
up modular approach to material design and synthesis. Classic examples of these materials are
metal-organic frameworks (MOFs), open-framework metal chalcogenides (OFMCs), and
polyoxometallic frameworks (POMs). Judicial selection of linking metals/clusters and organic
linkers/inorganic clusters can lead to a broad range of materials. For example, MOFs have over
90,000 structures synthesized with over 500,000 currently predicted.!® Another important
property of these materials is their high surface area, with the large size of the ligand/inorganic
cluster relative to linking metal leading to periodic void spaces with surface areas that have
reached a record-breaking 7,100 m?/g in the MOF NU-110."7

Their high surface area and near-infinite tunability make them promising candidates for
next-generation energy storage. In fact, MOF and POM materials have found use in
supercapacitor and battery applications with similar performance to commercial batteries.!8-2°
However, technologies with the theoretical promise of high energy and power density are still
unrealized, and material costs are not yet competitive with current energy storage materials.
Furthermore, until recently, most MOFs and POMs are electronically insulative due to the
inherent ionic nature of metal-ligand coordination bonds.?!-*> However, design strategies have
improved, and with proper linker and metal selections, electrical conductivities can vary across
17 magnitudes when comparing MOFs.2! Even still, metal-like conductivities have only been
realized in some 2D MOF materials, with minimal compositional diversity.?*>** In contrast to
band-type, metal-like conduction, which conducts charge through delocalized orbitals, most
MOFs conduct charge through redox hopping, where electrons tunnel from one localized state to

another. In addition, OFMCs while often hailed as porous semiconductors have had no explicit
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studies on their electrical conductivity.?> These systems are merely 3D porous analogs of the
traditional 2D metal chalcogenides which are semiconductive and have seen wide appeal in
energy storage and harvesting applications.?5-?

When designing electrically conductive systems both the metal and linker can be
modulated to achieve conduction pathways. For metals, redox-active metals are the most
promising candidates for conductive materials. In particular, Fe is one of the most promising

2+/3+

metals, in part because of the highly accessible Fe“"~" redox couple, with Fe oxidation promoting

23+ mixed valency gives

charge transport in either conduction pathway.?® For redox hopping, Fe
well-resolved donor and acceptor states. For band-type conduction, high energy valence
electrons in Fe?" dominate valence band edges, so p-type charge carriers can be generated with
Fe oxidation.?® In addition, Fe is one of the most abundant elements on earth and is substantially
cheaper than typical Co or Ni based Li-ion batteries. In fact, all Fe-based batteries are ten times
cheaper than these traditional lithium-ion batteries.?

The facile redox activity of Fe can also improve charge hopping between ligands through
intraframework electron transfer from Fe?* to ligands. Such phenomena explain the unusually
high conductivity in several MOF structures composed entirely of Fe**.3%3! However, to better

promote band-type conduction ligand selection is paramount, as electronegativity matching

between the metal and ligand is important in generating covalent bonds.
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Improved electronegativity matching between the metal and linker leads to covalent
bonds and shallower potential energy wells along the conduction pathway (Figure 1.4). For
example, replacing oxygen-based linkers with sulfur or nitrogen-based linkers has improved
conductivity in MOF systems.?® This improved electronegativity matching has led to some of the
highest conductivities reported in Fe-containing MOFs such as in Fe(1,2,3-triazolate), (0.3 S
cm!) and Fex(5,5'-(1,4-phenylene)bis(1H-tetrazole))s (1.2 S em™).3%33 In addition, some of the
highest conductivities were recently seen in an analogous open-framework chalcogenide material
composed of [FesS4] linked by carbon-based linkers.3* The high conductivity is hypothesized to
be due to strong electronegativity matching between carbon and Fe. Even still, in conductive Fe-
containing frameworks, the origin of the conductivity mechanism is still hotly debated. Is it

2+/3+

redox hopping through Fe mixed valency or band-type transport promoted by strong metal-

ligand covalency?
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1.4 Charge Conduction in High Surface Area Materials.

The design of conductive MOFs is seeing a major surge as many studies on new
conductive MOFs and conductive MOF design are released. In 2016, only ~30 studies were
published concerning conductive MOFs in contrast to 2020, where nearly 130 studies were
published.?! Even still, only 0.2% of all MOFs synthesized are reported as electrically
conductive. This is in part because there are still many fundamental questions that remain
unanswered. For example, the high surface area in these materials challenges notions of typical
charge transport. Fundamentally, how do charges move in a material that is mostly empty space?
Studies have found that such massive surface areas can lead to guest-dependent conductivity
through absorption.>> However, in these situations, the guests are electroactive and serve as
donor or acceptor states in promoting electron transfer via redox hopping. The question remains,
how do non-electroactive components like Li" in a lithium-ion battery or solvent in an electrolyte
solution impact charge transport? In mesoporous TiOz, solvent and electrolyte pore infiltration
dramatically affects electronic transport and performance in battery electrodes and solar cells.
36-38 The most extreme effects have been observed for nonporous conductive polymers where
both the electronic conductivity and the charge transport mechanism depend on ion and solvent
presence. Poly(benzimidazobenzophenanthroline), which is often hailed as a through-bond
conductor when dry, when instead immersed in an electrolyte solution, has substantially lower
electronic conductivity and instead conducts charge through redox hopping.*® In addition, after
the experiment and the sample is allowed to dry, it again becomes a through-bond conductor but
electrolyte ions entangled within the polymer chains lower the electronic conductivity 1000-fold.

Such effects observed in nonporous and mesoporous materials indicate clear influences

from ions and solvents. However, what about in microporous media? Framework materials are
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often microporous with pores and void spaces on the order of Angstroms to ~1nm scales. We
expect that any solvent and ion effects seen previously will be enhanced in microporous
materials, due to increased interfacial interactions, and nanoconfinement of solvent and ions.
Nanoconfinement has led to emergent phenomena such as drastically smaller dielectric constants
in nanoconfined water or increased ionic conduction for nanoconfined Li* vs larger pore Li*
conduction.!##%4! The nanoconfinement of ions within the micropores of an electrically
conductive framework should affect charge transport, and in some extreme cases control it. This
is analogous to the molecular phenomenon of proton-coupled charge transport, which enables
important biological process and is characterized by the concerted ambipolar-like diffusion of
protons and electrons.*>~* Such mechanisms are only recently beginning to be realized in
MOFs.##6 However, only in well-controlled ideal redox hopping systems, with little insight into
the exact nature of the ion-electron coupling, and what variables control it.

This dissertation utilizes the unique properties of Fe to design model systems to study
fundamental questions on charge transport in microporous and high surface area conductors,
where ion-charge interactions on the Angstrom scale, lead to emergent interfacial phenomena. In
Chapter II, we synthesize a diverse and forgotten class of materials known as open-framework
metal chalcogenides (OFMCs) and explore the structure-property relationships of charge
conduction in inorganic microporous materials. We found the materials are semiconductive with
metal, chalcogenide, and defect concentrations playing large roles in promoting electronic
conductivity. Like MOFs, owing to its facile redox activity, TMA2FeGesS1o (Fe-S) led to the
highest electrical conductivity and defect tolerance. In contrast, the other metal systems (M-S;
M: Mn, Co, Ni, and Zn) were mixed conductors of both electrons and the tetramethylammonium

TMA") cations contained within the micropores. Unlike most conductive MOFs, experimental
P p

29



results suggest the Fe materials are band-type conductors with small amounts of Fe** producing
p-type charge carriers. In Chapter I1I, we leveraged the unique nanoconfined TMA™ and the
modulation of charge transport mechanism from band-type with Fe-S to classical redox hopping
with Zn-S, to study the impact of solvent and nanoconfined ions on both mechanisms of charge
transport. We found that solvent aids in electrical conductivity, with conductivity scaling with
the dielectric strength of the solvent for both Fe and Zn-S. For Zn-S, high dielectric strength
solvents improved the diffusion of TMA", facilitating charge hopping processes. For Fe-S, the
solvent functions as a dielectric screen between the electron and TMA*, improving charge carrier
mobility. These conclusions were supported by pressed pellet impedance measurements which
with a novel model developed, described the microscopic signatures of ion-coupled charge
transport in microporous mixed conductors. From impedance fits, Zn-S was defined as an ion-
coupled conductor and Fe-S as an ion-limited conductor, with evidence of concerted ion-electron
movement in Zn-S. Finally, in Chapter IV, Fe’s unique redox activity in the 2D MOF
Fe(SCN)2(pyz)» was leveraged to produce the largest reported interlayer coupling energies in
Van Der Waal (vdw) materials. Such massive coupling energies manifested in a through-space,
interlayer charge transfer seen as an intense visible light absorption in solution. The axial NCS-
endowed the material with high interactive surface area and Fe oxidation promoted interlayer
coupling and charge transfer through a mixed charge state. The charge transfer bore substantial
dependence on solvent dielectric and dissolved electrolyte and could be effectively turned on and
off with variance of either. This dissertation builds off the already established work on Fe-based
framework design by further showcasing its role in similarly classed OFMCs and indirectly
promoting interlayer charge transfer in a 2D vdw MOF. Furthermore, this dissertation explores

unique charge transport phenomena in microporous and high surface area materials, where
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solvent and electrolyte interactions are greatly enhanced. Leveraged, these results will aid in the
design of framework electrode materials where solvent and electrolyte will invariably be present,

and in intercalation pseudocapacitors technologies where ion nanoconfinement is critical.
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CHAPTER II

CONDUCTIVITY IN OPEN FRAMEWORK CHALCOGENIDES TUNED VIA
BAND ENGINEERING AND REDOX CHEMISTRY

This section includes an excerpt from previously published and co-authored material
from McKenzie, J.; Le, K. N.; Bardgett, D. J.; Collins, K. A.; Ericson, T.; Wojnar, M. K.;
Chouinard, J.; Golledge, S.; Cozzolino, A. F.; Johnson, D. C.; Hendon, C. H.; Brozek, C. K.
Conductivity in Open-Framework Chalcogenides Tuned via Band Engineering and Redox
Chemistry. Chem. Mater. 2022, 34 (4), 1905-1920.

In this chapter, the project idea was conceptualized by Jacob McKenzie and Carl. K.
Brozek. The article was co-written by Jacob McKenzie, David C. Johnson, Anthony F.
Cozzolino, Carl K. Brozek, and Christopher H. Hendon. Experiments and analysis were
performed by Jacob McKenzie. Computations were performed by Khoa N. Le. Le Bail fits were
performed by Dylan J. Bardgett. SQUID magnetometry and analysis was performed by Kelsey
A. Collins and Michael K. Wojnar. XPS data collection and analysis was performed by Julie
Chouinard and Stephen Golledge. Mossbauer spectra was collected and analyzed by Thomas

Ericson.
Introduction.

Semiconductor technologies often rely on materials with accessible porosity and high
surface areas. These structural features facilitate molecular diffusion of reagents to the active

4751 and improve the activity of materials such as

sites of photo- and electrochemical catalysts
batteries and capacitors by increasing the exposed working areas.!*>2-3¢ In addition to device

performance, high surface-to-volume ratios present unique opportunities in interfacial chemistry.

For instance, the optical, electronic, and magnetic behaviors of semiconductors can vary with the
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properties of the external media,>’>°

while high-energy surface defects can dominate the
reactivity of semiconductor catalysts.®*! Studying these structure—function relationships benefits
from well-defined architectures that can be tuned through precise molecular synthesis. The
porosity of conventional semiconductors, such as porous metal oxides, is often irregular and
difficult to modify, however.6>%3

Crystalline materials with well-defined and regular porosity, such as metal—organic
frameworks (MOFs), offer a powerful platform for studying the fundamental impact of high
internal surface areas on wide-ranging material properties. Assembled from the combination of
multitopic organic linkers and high-symmetry inorganic clusters or metal ions, MOFs have been
generated into more than 90 000 structures from bottom-up synthetic routes that can be modified
with molecular specificity.®* Despite this plethora of materials, few MOFs exhibit electrically
conductive behavior due to the highly ionic bonding between metal ions and the typical
carboxylate linkages.?! Attempts to improve covalency by employing chalcogenide and azolate
ligands have afforded conductive MOFs, but the examples remain compositionally limited and
most extend in only two dimensions.®>~¢7 “Open-framework chalcogenides™ offer an alternative
family of nanoporous materials, featuring main-group-chalcogenide clusters linked by transition-
metal ions through covalent bonds. Like MOFs, these materials are available with a variety of
metal ions, chalcogenides, and clusters, furnishing a diverse collection of networks with varying
pore sizes and shapes. Although these materials have been widely studied for decades and
frequently termed semiconductors,?*%"-" few, if any, studies have examined their basic
conductivity properties.’>’>7 As three-dimensional (3-D) frameworks, these materials serve as

low-density analogues to conventional metal chalcogenides, opening fundamental studies into

the relationship of semiconductor form and function. These materials also benefit from well-
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defined porosity, unlike two-dimensional (2-D) metal chalcogenides whose surface areas can
become inaccessible through intersheet aggregation.®!:82 While new examples of conductive
MOFs remain hotly pursued, many open-framework chalcogenides have already been reported
and simply await studies into the relationship between their nanoporosity and semiconductor
behavior.

Here, we report a combined experimental-computational investigation into the iconic
family of materials TMA>2MGes4Q10 (M = Mn, Fe, Co, Ni, Zn; Q =S, Se, TMA = tetramethyl
ammonium), as shown in Figure 2.1, first reported by Yaghi et al. prior to the advent of modern
MOF chemistry.%® A reexamination of these frameworks presents new insights into their optical,
magnetic, and electronic behaviors, revealing the sensitivity of these properties to subtle
differences in composition and their tunability through molecular redox chemistry. The charge
transport of the frameworks is especially sensitive to these variables, with conductivities
differing across several orders of magnitude and in the basic mechanism of transport. A key
insight from the anomalously high conductivity of the Fe analogue is that charge mobilities and
charge carrier densities—the essential parameters governing conductivity—can be tuned through
molecular chemistry in the form of metal-ligand bond covalency and redox chemistry. These
results provide direct confirmation of open-framework chalcogenides as porous semiconductors,

while opening myriad investigations into their tunable charge transport behavior.
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Figure 2.1 Crystal structure of open framework chalcogenides TMA>2MGesQio, TMA =
tetramethylammonium, M = Mn, Fe, Co, Ni, Zn, Q =S or Se (TMA>MnGe4S1o depicted). a) Local
coordination and b) extended network representations with TMA cations omitted for clarity.

Results and Analysis.
Following synthetic procedures previously reported by Yaghi et al.,®® the open-
framework chalcogenides TMA>2MGesS10 (M = Zn; Zn-S, Co; Co-S, Fe; Fe-S, and Mn; Mn-S)

and TMA>FeGesSeio (Fe—Se) were prepared, affording crystalline powders as evidenced by
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Figure 2.2 Experimental powder X-ray diffraction patterns (red) for Ni—S (a) and Co—Se (c) fitted
with simulated patterns (black) and residuals (blue) after cell indexing with Le Bail fits. Insets
showcase lower-intensity reflections (b, d), and tick marks on top of the plot denote expected

reflections.



powder X-ray diffraction (PXRD) (Figures A3 and A4). Le Bail fits of the PXRD patterns
indexed to single-crystal diffraction data of Mn—S or Fe—Se confirmed the materials to be
isostructural and phase pure. In addition to the known structures, we prepared two new
isostructural members, TMA2NiGesS10 (Ni—S) and TMA2CoGesSeio (Co—Se). Figure 2.2 shows
the resulting experimental PXRD patterns compared to the patterns simulated from indexing,
along with the fit residuals.

Table A.1 summarizes the refined lattice parameters of all framework materials. The Ni—
S tetragonal lattice parameters a and ¢ index to 9.483(1) and 13.871(1) A, respectively,
indicating a unit cell contraction resulting from the reduced ionic size of Ni*" as compared to that
of Mn?". On the other hand, the refinement of the Co—Se cell parameters provides a and ¢ values
of 9.639(2) and 14.605(4) A, respectively, a relative expansion of the unit cell due to the larger
size of Se?~ as compared to that of S?>~ in Co—S (Table A.1). This expanded family of
isostructural frameworks provides a platform for studying the impact of systematic changes to
bonding and electronic structure on charge transport through porous materials.

To understand the relationship of the tunable compositions and the electronic properties
of the TMA2MGesQ10 frameworks, we computed the band diagrams for a variety of
chalcogenides and first-row transition-metal ions in divalent and trivalent oxidation states, as
summarized in Figures A.20 and A.21. Figure 2.3 plots the conduction band and valence band
electron densities and corresponding density-of-state (DOS) diagrams of Fe—S, Ni-S, and Zn—S
as representative examples. Although these materials differ only in metal ions, the atomic
character of the band-edge orbitals diverges considerably. For example, whereas Fe and Ni d-
orbitals contribute to both band edges in Fe—S and Ni—S, respectively, S p-orbitals dominate both

band edges in Zn—S. These differences are due to high-energy unpaired d electrons in Fe—S and

36



Ni—S, which contribute substantially to the band edge(s), whereas Zn—S has no such electrons in
its closed d shell. The partial atomic orbital character can be quantified for each material, as

summarized in Table A.3, revealing considerable differences in bond covalency, as well. For
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example, d-orbitals comprise 84% of the valence band in Fe—S, whereas Ni and Zn d-orbitals
make up 54% in Ni—S and just 4% in Zn—S. Bond covalency also depends strongly on the metal
ion oxidation state and chalcogenide identity. For example, upon oxidation, the Fe d-orbital
valence band contribution drops from 84 to 72% in Fe3*—S and from 71% in Fe-Se to 39% in
Fe’*—Se. These significant differences in the electronic structures of these materials on the basis
of oxidation state and chalcogenide provide a basis for understanding their diverse magnetic,
optical, and charge transport behaviors.

The frameworks we expected to be paramagnetic (i.e., those containing Mn?*, Fe**, Co?*,
and Ni?") were evaluated by SQUID magnetometry. Variable-temperature direct current (DC)
magnetic susceptibility measurements of Mn—S, Co—S, and Ni—S reveal 300 K magnetic
moments of 4.27, 2.32, and 1.93 cm® K mol!. For the Mn derivative, the value of the magnetic
moment is slightly below the values expected for a g = 2 isolated Mn** (S = 5/2, yMT = 4.375
cm® K mol™) site. This suppression of the magnetic moment could be due to a small amount of
defects at the Mn?* site, resulting in slightly less than statistically one Mn?" per site or radical
containing S-based defects in the [Ge4S10]* cluster. For the Co derivative, the value of the
magnetic moment is consistent with that expected for a g = 2.2 Co*" (S = 3/2, yMT = 2.269 cm?
K mol™) site. For the Ni derivative, the magnetic moment is significantly higher than expected
for a g =2 Ni** site (S =1, yMT = 1.0 cm?® K mol™!). However, a d® Ni** ion in a tetrahedral
coordination environment is expected to be highly anisotropic with g > 2. For these three
materials, the variable-temperature DC magnetic susceptibility measurements confirm the overall
paramagnetic nature of the frameworks with negligible magnetic coupling between neighboring

metal sites (Figures A.9, A.11, and A.13). The paramagnetic nature of these materials is further
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reflected by their Curie-Weiss-type magnetic susceptibility and the lack of ordering as observed
by alternating current (AC) magnetic susceptibility (see Appendix A).

Variable-temperature, DC magnetic susceptibility measurements of the Fe—S analogue
reveal a more complex magnetic ground state than that observed in the previous materials. At
300 K, the magnetic moment of Fe-S is 3.13 cm® K mol™!, consistent with an isolated high-spin
S =2 Fe?* site. Upon cooling, the magnetic susceptibility decreases, signifying weak
antiferromagnetic coupling between adjacent Fe?" sites. The magnetic moment increases sharply
at 3 K, consistent with either a ferromagnetic or a canted antiferromagnetic ordering event
(Figure 2.4). To precisely determine the ordering temperature and the nature of the ordering, we
collected variable-temperature AC susceptibility measurements at selected frequencies under
zero applied DC field. The data show a frequency-independent peak in the in-phase (yM') and

out-of-phase (yM") susceptibilities at 2.75 K, indicative of a magnetic ordering event. The
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Figure 2.4 DC magnetic susceptibility for Fe—S at a 0.1 T external magnetic field strength.

frequency independence of the ordering suggests a true magnetic ordering event, not a spin
freezing event (Figure A.5). Furthermore, variable-field magnetization measurements at 1.8 K
show an open hysteresis loop with a coercive field of 50 Oe (Figure A.6), indicating that the Fe—

S framework is a soft permanent magnet.
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In contrast, the 300 K magnetic moment of Fe-Se is 2.76 cm?® K mol™!, which is slightly
less than the spin-only magnetic moment of 3 cm® K mol™! expected for an S = 2 Fe?* ion and
much lower than the spin-only magnetic moment of 4.375 cm® K mol™! expected for an S = 5/2
Fe** ion. To investigate the oxidation state of iron in Fe—Se, we turned to Mossbauer
spectroscopy, which probes the oxidation state, coordination environment, and spin state of the
iron center. At 300 K, the Mdssbauer spectrum of Fe—Se (Figure 2.5) has a single doublet with
an isomer shift of 0.393 mm/s and a quadrupole splitting of 0.568 mm/s, which we assign as

high-spin Fe**, indicating the material is isovalent Fe3*.%3
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Figure 2.5 Room-temperature Mdssbauer spectrum of Fe—Se prepared in-air.

As Mossbauer spectroscopy directly probes the oxidation and spin state of the iron site,
the discrepancy with the DC magnetic susceptibility could be due to previously unresolved
organic radicals in the [GesSeio] clusters. We hypothesize that the Fe?" starting material used in
the synthesis of the Fe—Se framework facilitates spontaneous electron transfer to the cluster,
generating an Fe** site and a cluster-based radical. This in situ oxidation is supported by the fact
that tetrahedral Fe** coordination complexes have been shown to oxidize at milder potentials

when coordinated by selenium vs sulfur donors.3* The Fe** spin and the radical would be
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strongly antiferromagnetically coupled via direct coupling, as reflected in the low magnetic
moment of the Fe—Se framework. Below 300 K, the magnetic moment of Fe—Se continuously
decreases, which is indicative of both the very strong antiferromagnetic coupling between Fe**
and the S = 1/2 [GesSeio] radical and the relatively weak antiferromagnetic coupling between
neighboring Fe3*—radical pairs. Both the DC and AC magnetic susceptibility measurements of
Fe—Se reveal no ordering event in contrast to the Fe—S system (Figures A.7 and A.8). We
attribute this magnetic difference to the dissimilar oxidation states of iron between the two
materials and the increased distance between iron centers with the expansion of the unit cell by
the larger selenide anion (Table A.1). The differences in electronic configurations and subtle
alterations to bonding environments in this family of materials manifest in distinct magnetic
interactions ranging from long-range ordering to localized paramagnetism.

To experimentally explore the electronic structures of the framework materials, their
optical absorption spectra were measured by diffuse reflectance UV—vis—NIR spectroscopy.
Figure 2.6 plots the Kubelka—Munk transforms of Mn—S, Fe—S, Fe-Se, Co—S, Co—Se, Ni—S, Zn—
S, and the parent S- and Se-based cluster compounds. In general, we assign the highest-energy
absorption bands between 20 000 and 30 000 cm™! to the optical gap transitions and the lower-
lying transitions to ligand field transitions of the M?" d-orbitals subject to tetrahedrally
symmetric ligand fields (Figure A.15). For the frameworks lacking allowed d—d transitions (Mn—
S and Zn-S), the optical gaps arise from charge-transfer events from chalcogenide p-orbital to
germanium empty sp’ orbitals, with varying degrees of contributions from the metal d-orbital to
the valence bands depending on the degree of metal-ligand covalency. For open-shell
frameworks, the DOS diagrams in Figures 2.3, A.20, and A.21 suggest that the band-gap

transitions involve a combination of both S-to-Ge and ligand field transitions. The spectra in

41



Figure 2.6 indicate a substantial narrowing of band-gap transitions for the open-shell systems,
which agrees with density functional theory (DFT) calculations that the conduction band
involves both low-lying d-orbitals and Ge-based orbitals stabilized by approximately 1 eV
relative to the wider optical gap Zn—S. Indeed, the Mn—S and Zn—S frameworks display optical
gaps similar to the parent TMA4GesS1o cluster, whereas the open-shell frameworks exhibit
narrowed gaps, suggesting that optical properties depend on the availability of d—d transitions,
bond covalency, and electrostatic stabilization of atomic orbitals induced by the linking metal

1ons.

Ni-S

Normalized Kubelka-Munk Transform (a.u.)

Zn-S
TMA,Ge,Se,,

TMA,Ge,S,,

'30000 20000 10000
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Figure 2.6 Diffuse reflectance UV—vis—NIR spectra of TMA2MGe4Q10 collected at 300 K.
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The optical gap transitions of most materials could be assigned using Gaussian fits
(Figure A.17), which produced the best agreement with optical gaps determined by DFT when
the band-edge orbitals were dominated by linking metal d-orbitals (Fe—S, Fe—Se, Co—S, and Ni—
S) or sulfur p-orbitals (Zn—S). In contrast, Tauc plot analysis (Figure A.16), traditionally
reserved for defective and amorphous semiconductors, provided the best fits for Mn—S and Co—
Se, which calculations suggest bear nearly equal contributions of chalcogenide and linking metal
orbitals in the band-edge orbitals (Figure A.20 and Table A2). Table 2.1 summarizes the

experimentally derived optical gaps with values determined from simulated band structures.

Material Experimental E (eV) Simulated E_(eV)

Zn-S 36 3.8

Mn-S 34 3.2

Ni-S 2.7 26

Co-S 3.0 3.0

Fe-S 2.7 2.7

Fe-Se 2.0 2.211.9(Fe*)
-Se 22 23

Table 2.1 Optical Gap Energies (Eg) as Determined Experimentally from Tauc and Gaussian
Plots Compared against Those from Simulated Band Diagrams

Together, these data demonstrate the wide tunability of the framework optical properties, with
selenium increasing valence band edges relative to sulfur and M?" d-orbitals dominating both
band edges to produce optical gaps spanning 2.0-3.6 eV.

Ligand field analysis of the spectra in Figure 2.6 provides insight into how tunable
compositions impact the chemical bonding and electronics of the framework materials. The high
intensities of the ligand field transitions between 5000 and 15 000 cm™! for Fe-S, Ni-S, Co-S,
and Co—Se reflect their Laporté allowed nature, as expected for tetrahedral ligand fields.
Assigning these bands to the appropriate transitions and solving the corresponding Tanabe—
Sugano matrices (see Appendix A) yields crystal field splitting energies (Dq) spanning 392-524

cm! for Fe-S, Ni-S, Co-S, and Co-Se systems (Table A.2).
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These comparably small Dq values are consistent with tetrahedrally symmetric
chalcogenide ligand fields. Furthermore, the smaller Dq of Co—Se (392 cm™!) compared to that
of Co—S (402 cm™) reflects the more diffuse nature of Se*~ p-orbitals. Ligand field analysis also
reveals differences in the metal-ligand bond covalency in the form of the interelectronic
repulsion parameter (B). The percent reduction in B (B") compared to the free ion values of
Biree ion (Ni2" = 1080 cm™! and Co?" = 1117 em™")86 for each material indicates shifting of metal-
centered electron density onto ligands, i.e., covalency. We calculate B’ of 46% for Co—S and
31% for Ni—S, suggesting far more covalency in the Co—S system compared to that in the Ni—S.
Furthermore, the reduction is even greater for Co—Se (51%), consistent with the better matching
of electronegativities between Se?~ and Co?", leading to greater covalency. This quantification of
bond covalency complements the computational results in Table A.3, showing nearly equal
contributions of Co and S orbitals to the valence band in Co—S and a more polarized atomic
character in Ni—S, while the valence band of Co—Se has a greater electron density contribution
from Se. Differences in bond covalency and atomic character provide a basis for predicting other
electronic aspects as well, such as charge transport, with greater covalency expected to engender
higher charge mobilities.

Figure 2.7a summarizes the results of DC conductivity measurements of all frameworks
using room-temperature two-electrode pressed pellet configurations. Most of the materials (Mn—
S, Co-S, Co-Se, Ni-S, and Zn-S) exhibit low conductivities: 1078~10~ S/cm, whereas Fe-S and
Fe-Se displayed values typical of semiconductors: 107 S/cm. To understand the origin of this
large difference in conductivity, we employed electrochemical impedance spectroscopy (EIS) to
probe fundamental aspects of the charge transport mechanisms. AC measurements were

performed on the Fe—S and Zn-S systems because they represent the high and low conductivity
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extremes in this family of materials. Additionally, Fe and Zn typically exhibit markedly different
redox chemistry, which we expect governs the observed conductivity. Figure 2.7b plots the EIS
spectrum of Fe—S fitted to a parallel combination of the bulk resistance and bulk dielectric
capacitance of the pellet, yielding a conductivity of 0.11 uS cm!, which is in good agreement
with the 0.23 uS cm™! found by DC measurements. Given the ion-blocking and electron
transmissive nature of the two electrodes, this conductivity arises purely from electron
transport.®” In contrast, the Zn-S system (Figure 2.7¢) displays a semicircle at high frequencies
(low Re(Z)) and a linear feature at low frequencies. The linear feature is modeled as a constant
phase element with n = 0.46 (high Re(Z)), which is characteristic of a distorted Warburg process
that we attribute to the diffusion of TMA™ ions. Fitting these data to the equivalent circuit shown
in Figure 2.7¢, often employed for mixed ion—electron conductors, produces an excellent fit,
yielding a bulk conductivity far higher (0.15 uS cm™') than observed by DC measurements (0.024
uS cm™), which lack the contribution of ionic conductivity. These results imply that TMA™* ions
are the dominant charge carriers in Zn—S.8” The influence of ions on the charge transport
mechanism of Zn-S, as well as the other low-DC conductivity materials Co—S, Mn—S, and Ni-S,
is evident in DC I-V curves, which appear nonlinear (non-Ohmic) (Figure A.39), likely due to
the simultaneous movement of both ions and charges. The I-V curves eventually become linear
(Ohmic) at later time points in the experiment due to the ion-blocking nature of the electrodes.
DC conductivities were determined, therefore, from the linear portions of the I-V curves. On the
other hand, both Fe—S and Fe—Se exhibited linear (Ohmic) -V curves, suggesting that higher
conductivities of the Fe systems result from a mechanism fundamentally different from the ion-

coupled charge transport operative in the other frameworks.
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Figure 2.7 Conductivity of frameworks prepared in-air. (a) DC conductivity values of
TMA2MGe4Q10 prepared in-air and measured with two-contact pressed pellet configurations at
room temperature. EIS spectra of (b) Fe—S and (c¢) Zn—S collected at room temperature between 2
MHz and 0.1 Hz without an applied DC field and a 100 mV applied AC bias. Data are fitted to the

equivalent circuits shown as insets, with fits shown as solid lines.

Suspecting that the generally high redox activity of Fe contributes to the greater DC

conductivities of Fe—S and Fe—Se, we investigated the effect of the Fe oxidation states on the

measured conductivity by modifying the preparation of the Fe-Q frameworks. The in-air

preparation of all frameworks as reported in the data above was modified to be air-free.
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Specifically, whereas in-air involves preparing, isolating, washing, and drying the materials in
air (see Chapter 2 Experimental section), the synthesis, isolation, and washing steps of air-free
are conducted under N». Furthermore, to avoid defect formation, the washing procedure was
modified (see Chapter 2 Experimental section) to allow for drying without exposure to high heat
or vacuum. Figure 2.8a summarizes the impact of synthetic preparation on the Fe framework
conductivities. When made air-free, the Fe-Q systems showed lower DC conductivities (Fe—Se
gives 0.011 pS cm™! and Fe-S gives 0.13 uS cm™).

To further probe the Fe oxidation states resulting from these methods, room-temperature
Mossbauer spectra were collected. Figure 2.8b plots the spectra of Fe—S prepared in-air, showing
two species with isomer shifts of § = 0.31 (Fe**) and 0.68 (Fe?*) mm/s with associated
quadrupole splittings of AEQ = 0.55 and 3.6 mm/s, respectively. The relative areas of the isomer
shifts reveal mixed valency with 25% Fe**. In contrast to in-air Fe-S, the Mdssbauer spectrum
of the materials handled air-free (Figure 2.8c) shows two species with isomer shifts of 0.20
(Fe**) and 0.68 (Fe**) mm/s with associated quadrupole splittings of AEQ= 0.40 and 3.6 mm/s,
respectively. The relative areas of the isomer shifts reveal that the system is still mixed valent
with 13% Fe**. Similarly, when Fe—Se was prepared air-free (Figure 2.8d), the Mdssbauer
spectrum shows two species with isomer shifts of 0.27 (Fe**) and 0.64 (Fe*") mm/s with
associated quadrupole splittings of AEQ= 0.45 and 3.6 mm/s, respectively. The relative areas of
the isomer shifts indicate predominantly Fe?" with 23% Fe**, whereas Fe-Se handled in-air
shows only Fe**. The oxidation of these species even under air-fiee conditions is likely due to in
situ oxidation of the Fe?' sites by the oxidized cluster, as explained by the anomalous magnetism

results for the in-air synthesis of Fe—Se. The presence of oxidized sulfur species is
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supported by XPS, which shows that even under air-free procedures Fe—S contains sulfate

species with binding energies of ~168 eV (Figure A34).
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Figure 2.8 Effect of synthetic preparation on the physical properties of Fe frameworks. (a)
Summary of DC conductivities, (b) Mossbauer spectrum of Fe—S prepared in-air, (c) Mossbauer
spectrum of Fe—S prepared air-free, (d) Mdssbauer spectrum of Fe—Se prepared air-free, (e) diffuse
reflectance UV—vis—NIR spectra of Fe—S, and (f) Fe—Se frameworks.
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Diffuse reflectance UV—vis—NIR spectroscopy provided additional insight into the effect
of sample preparation on redox state and electronic structure. Figure 2.8e shows a decrease in the
optical gap for Fe**—S prepared air-free. Gaussian analysis indicates that the gap decreases from
2.7t0 2.5 eV (Figure A.18). Because this transition likely involves a charge transfer from
hybridized S(p)/Fe(d) to Ge(s) orbitals, the wider gap of Fe—S prepared in-air is consistent with
the lowering of the Fermi level into the valence band caused by partial Fe oxidation. Similarly,
Fe—Se prepared in-air shows a markedly decreased optical gap (Figure 2.8f), which Gaussian
analysis fits to 2.2 eV from 2 eV, agreeing with the expected value from the simulated band
structure for a Fe?’—Se system (Figure A.19). Furthermore, the low-energy weak transition at
around 6000 cm™! for Fe—Se becomes weaker in the air-fiee synthesis. The decreased intensity
with greater Fe?" content suggests that this band arises from either the spin-forbidden high-spin
Fe** ligand field transition ®A; — “T; or from an intervalence charge transfer between Fe** and
Fe?* centers. Typically, the Fe** ligand field transition occurs closer to 8000 cm™ for tetrahedral
metal sulfur systems, but the increased covalency and thus relatively small interelectronic
repulsion of Fe—Se lower its energy.

With evidence that the Fe framework conductivities depend on the oxidation state of Fe,
we sought to further control Fe—S conductivity through deliberate chemical oxidation with
ferrocenium tetrafluoroborate (FcBF4). To oxidize Fe—S, the air-free synthesis material was
suspended in THF solutions of FcBF4 under a N> atmosphere, followed by THF and hexane
washes and drying. The washed and dried product had a marked color change from bright orange
to brown. To quantify the extent of oxidation, room-temperature Mdssbauer spectra were
collected on the oxidized product. Figure 2.9a,b plots the spectra of the oxidized products of Fe—

S after treatment with FcBF4 in 0.5 and 1.5 eq. respectively. The sample treated with 0.5 eq. of
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FcBF4 shows two species with isomer shifts of 0.26 (Fe**) and 0.68 (Fe**) mm/s and associated
quadrupole splittings of AEQ = 0.29 and 3.6 mm/s, respectively. The relative areas of the isomer
shifts reveal that the sample is 19% Fe’*, a 6% increase from the as-synthesized air-free Fe—-S
material. The Fe—S treated with 1.5 equiv of FcBF4 shows two species with isomer shifts of 0.21
and 0.68 mm/s with associated quadrupole splittings of AEQ = 0.40 and 3.6 mm/s, respectively.
The relative areas of the isomer shifts reveal that the sample is 26% Fe**, a 13% increase from
the as-synthesized air-free Fe—S material. Figure 2.9c compares the DC conductivity of all Fe—S
samples. The results show that the DC conductivity is strongly dependent on the redox state of
Fe, with higher amounts of Fe*" leading to increased conductivity.

To understand how redox chemistry impacts charge transport, we collected diffuse
reflectance UV—vis—NIR spectra for insight into changes to the electronic structure of the Fe—S
materials, specifically the increasing or lowering of the Fermi level, i.e., redox state and number
of charge carriers. Figure 2.9d plots the normalized spectra, with a notable difference in the
intensities of a band centered around 6000 cm™'. Based on assigning this feature to the spin-
allowed °E — 3T d—d transition of Tq Fe**, the difference in intensities corroborates air-fiee Fe—
S containing the most Fe?" centers and the oxidized 1.5 eq. FcBFs-treated Fe—S containing the
most Fe3". Furthermore, the optical gap energy shifts from 2.5 to 2.7 eV post FcBF; treatment
(Figure A.26). This is the same energy shift seen when comparing the optical gap energies for
air-free and in-air Fe-S syntheses. Low-energy absorption is also observed post oxidation,
which is attributed to the generation of mixed-valent mid-gap states. This assignment is
corroborated by the simulated band structure of Fe**—S, which showcases stabilized conduction
band mid-gap states with Fe oxidation (Figure A.21). PXRD confirms that materials maintain

crystallinity, suggesting that these changes to conductivity and optical absorption arise from
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alternations to the electronics of the Fe—S framework, rather than from the formation of new

crystalline phases (Figure A.27).
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Figure 2.9 Comparison of Fe—S produced air-free and in-air versus postsynthetic treatment by
redox reagents. (a) Room-temperature Mossbauer spectrum of Fe-S treated with 0.5 equiv of
FcBF4, (b) room-temperature Mossbauer spectrum of Fe—S treated with 1.5 equiv of FcBF4, (c)
summary of DC conductivity, and (d) diffuse reflectance UV—vis—NIR spectra of Fe—S in different
redox states.

To further probe the impact of Fe redox state on the charge transport in the Fe—S/Se
systems, potential-dependent conductivity was performed on the Fe—S air-free system using a
three-electrode setup with TBAPFg as the supporting electrolyte (more details on this experiment
can be found in Chapter 2 Experimental section). The EIS responses were monitored at different

applied DC voltages relative to a Ag/AgNOs reference electrode, and the responses were well
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fitted to an equivalent circuit to extract the electronic conductivity. Figure 2.10 plots the

electronic conductivity as a function of applied DC potential relative to the open-circuit potential

(OCP). These results show that at oxidizing potentials the conductivity increases with applied
potential and plateaus at higher oxidizing potentials with a large conductivity value (90 uS/cm).
By contrast, the electronic conductivity is potentially independent at reducing potentials,

highlighting the need for p-type carriers from Fe?" to Fe** oxidation.
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Figure 2.10 Summary of AC conductivity of air-free Fe—S as a function of applied potential
with 0.1 M TBAPF6 in acetonitrile.

Given the importance of Fe** to the conductivity of the Fe frameworks, chemical
oxidation was further explored to control the conductivity of the Mn, Co, and Ni materials.
Figure 2.11a summarizes the effect of FcPF¢ treatment on the framework DC conductivities,

indicating an increased conductivity for Mn—S but decreased for Co—S and Ni—S. Despite such

significant changes to their charge transport, all frameworks retain crystallinity, as confirmed by

PXRD analysis (Figure 2.11b). However, impurity phases forming can be detected as new

unindexed peaks occurring (marked with asterisks). Unlike Co—S and Ni—S, which retained their

original color, Mn—S changed from white to yellow-orange upon FcPFs treatment. Indeed,
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diffuse reflectance UV—vis—NIR spectra of Mn—S display a substantial shift of the absorption
peak maximum upon oxidation, with Tauc analysis indicating a reduction in the optical gap
energy from 3.4 to 3.3 eV (Figure A.30), accompanied by increased absorption at lower energies
(Figure 2.11c). This tailing is predicted by the simulated band structure calculations of
TMAMn**GesS10, which predicts stabilized conduction band mid-gap states with Mn oxidation
(Figure A.23). X-ray photoelectron spectroscopy (XPS) of Mn—S before and after treatment with
FcPFs shows a shift toward higher binding energies for both the Mn 2p, from ~640 to ~642 eV,
and S 2p, from ~161 to ~163 eV (Figure 2.11d, e), suggesting the oxidation of both species that
comprise the valence band. Furthermore, no Fe was detected in the XPS, confirming the absence
of ferrocene or ferrocenium contamination. However, fluorine was observed in the survey scan,
indicating that some number of anions had accumulated in response to the oxidation.

In contrast, no color change was observed for Ni—S and Co—S upon treatment with FcPFe,
though the FcPFs solutions changed from dark blue to orange, indicating at least partial
conversion to ferrocene. The diffuse reflectance UV—vis—NIR spectra of Co—S exhibited no
change in the ligand field transitions but a marked increase in the optical gap energy from 3.0 to
3.2 eV (Figure A.28). Similarly, the ligand field transitions of Ni—S remained unchanged, yet,
unlike Co—S, Gaussian analysis did not show any change to the optical gap energy. XPS results
indicate that while Co and Ni 2p orbital binding energies do not shift after FcPF¢ treatment
(Figures A.31 and A.32), the S 2p orbitals move to 164 eV (Figure 2.11f, g), indicative of
disulfide bond formation. Taken together, these results suggest that sulfur bears the oxidation

from FcPF¢ treatment of Co—S and Ni—S and that the frameworks are likely p-type conductors.
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Figure 2.11 Summary of the effect of chemical oxidation on Mn—S, Co—S, and Ni—S frameworks.
(a) Comparison of DC conductivities, (b) PXRD patterns, (¢) Mn—S diffuse reflectance UV—vis—
NIR spectra, (d) Mn 2p XPS of Mn-S, (e) S 2p XPS spectra of Mn—S, and (f) S 2p XPS spectra of
Ni—S and (g) S 2p XPS spectra of Co—S before and after FcPF6 treatment.

To confirm the charge carrier sign, the thermoelectric effect was exploited. A pressed
pellet of Fe—S was heated on one end to induce a temperature gradient across the pellet and the

open-circuit potential of the system was measured. The open-circuit potential was negative,
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indicating that the voltage gradient ran against the temperature gradient. This behavior is
indicative of a positive Seebeck coefficient, with holes as the majority charge carrier in the Fe—S
system.

To understand the role of redox chemistry in the charge transport mechanism, specifically
a “charge hopping” versus band-type model, we compared the band diagrams of the framework
materials bearing different metal ions, chalcogenides, and redox states. Specifically, we
examined the dispersions of the valence bands because holes act as the dominant charge carriers.
Figure 2.12 summarizes the widths of the valence bands, indicating that the Fe**—Q frameworks
exhibit the greatest band dispersion. This result is expected as these bonds are the most covalent,
while Zn—S shows the least covalency due to the low metal ion character. Interestingly,
calculations of the Fe**-based frameworks show lower bandwidths compared to those of the Fe**
analogues. Inspection of the geometry-optimized structures reveals a contraction of the unit cell
upon oxidation to form Fe** (Figure A.22). Calculations also predict that this physical distortion
causes a change in the optical gap, which helps explain the agreement between Fe and Se
prepared in-air with an optical gap of 2.0 eV compared with the simulated band structure of
Fe**—Se (1.9 eV). These results also imply that the superior conductivity of Fe frameworks,

specifically those containing Fe?*, arises from the greater mobility of holes in the dispersive

valence bands.
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Figure 2.12 Comparison of valence band dispersions of frameworks with different metal ions,
chalcogenides, and oxidation states. Diagrams of valence bands with arbitrary energy offsets for
clarity. Frameworks with divalent and trivalent metal ions were simulated with two and one TMA+
cations, respectively.

For evidence that mid-gap orbitals and Fe redox chemistry affect the different energetics
of charge transport between the Fe frameworks, we measured the variable-temperature DC
conductivity of Fe—S prepared under air-free and in-air synthetic conditions and Fe—Se prepared
under air-free conditions. Figure 2.13 shows the Arrhenius plots of these materials. The in-air
synthesis of Fe—S boasts the lowest activation energy (0.36 eV) and results in the highest
conductivity seen of materials explored by temperature dependence. Interestingly, while having
substantially different conductivities the air-free syntheses of Fe—Se and Fe—S have nearly
identical activation energies, within error of each other (0.53 and 0.56 eV, respectively). These
results suggest that the presence of Fe** lowers the activation barrier by introducing charge
carriers while decreasing charge mobility as a result of less dispersive bands. This effect is most
pronounced for the Fe—Se system, which shows a larger decrease in conductivity compared to

that for Fe—S while having a similar activation energy. Furthermore, this Arrhenius analysis
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explains why the in-air synthesis of Fe—Se conductivity is lower than in-air synthesis of Fe—S

while being entirely Fe** and having a far larger charge carrier density.
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Figure 2.13 Arrhenius plots of variable DC conductivity of (a) Fe—Se prepared air-free and Fe—S
prepared air-free (b) and in-air (c).

Furthermore, in the Fe-S system it was found that S defect formation had a measurable
impact on charge transport. Inspired by the decomposition pathway of H4GesS10 to HoGesSo it
was expected that in the presence of water at high heat and vacuum to remove volatile generated
H>S, sulfur defects would be generated.®® To Fe-S that was synthesized in air-fiee conditions a
small amount of N> sparged deionized water was added and a paste was created. This paste was
then heated at 160 °C under high vacuum, and the water collected to test for H>S generation with
the methylene blue assay (Scheme 2.1).3° H.S is the expected byproduct of desulfurization and is

indicated by the methylene blue assay reactant solution going from orange to dark blue (Scheme

2.1).
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Scheme 2.1 Conditions necessary to generate sulfur defects in FeGesSio and Methylene Blue
Assay reaction for confirming presence of H>S as the primary decomposition production in
desulfurization.

The desulfurization was further confirmed by XPS results seen in Figure 2.14b which
show a large reduction in atomic sulfur content. Even still, PXRD results indicate the retained
crystallinity even after substantial desulfurization (Figure A.35). Upon desulfurization, the bright
orange solid of air-free Fe-S turns dark brown. This color change is seen with UV—vis—NIR
spectra seen in Figure 2.14d, which shows increased low energy absorption as a result of
excitations from the valence band into mid-gap states generated by sulfur vacancy defects. Like
Fe oxidation, this high density of mid-gap states could improve electronic conductivity. Figure
2.14a summarizes pressed pellet DC conductivities for Fe-S prepared under in-air and air-free
conditions pre and post desulfurization (water-treatment). After desulfurization, the conductivity
increases %320 from 0.13 uS em™! to 42 uS cm!. Temperature dependent pressed pellet DC
conductivities of Fe-S post desulfurization show the smallest activation barrier observed so far,
0.305 eV compared to 0.36 eV for in-air Fe-S. Pressed pellet Chronoamperometry and EIS
results indicate that the charge transport is purely electronic, indicating mobile S*- aren’t

responsible for the improved conductivity (Figure A.37). These results suggest that
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desulfurization is generating sulfur vacancy defects which manifest in mid-gap states which

improve electrical conductivity through a reduction in the conduction activation barrier.
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Figure 2.14 Summary of the effect of sulfur defects on Fe-S framework. a) Comparison of DC
conductivities. b) XPS of Fe-S pre and post water treatment. c) Arrhenius plot of variable DC
conductivity in water-treated Fe-S. d) Fe—S diffuse reflectance UV—vis—NIR spectra pre and post
water treatment.

59



Discussion.
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Scheme 2.2 Band diagrams summarizing the impact of redox chemistry, defect states, and
framework composition on band curvature, carrier concentrations, and mid-gap states.

These results suggest a band-type charge transport mechanism for the Fe-containing
frameworks and a redox-hopping-type mechanism for the Mn, Co, Ni, and Zn materials.
Generally, band-type transport leads to higher conductivities in materials with greater bond
covalency and, hence, high charge mobilities, while redox hopping depends on chemical factors
that promote outer-sphere electron transfer, as outlined by Marcus theory.”® Specifically, redox
hopping benefits from materials with redox sites in close proximity by improving the likelihood
of charge transfer and with mixed valency to provide both donor charges and acceptor orbitals.’!
Our measurements indicate that holes act as the dominant charge carriers, implying that the
curvatures of valence bands should dictate charge mobilities, while our calculations predict that
Fe?* frameworks possess greater valence bandwidths. The EIS data in Figure 2.7 corroborate this
assignment by showing that Fe—S charge transport involves pure electronic movement, whereas
Zn-S conductivity involves the transfer of both electrons and ions, as expected for outer-sphere
electron transfer to be accompanied by charge-balancing ions. While band dispersions for

ristine Fe?"'—Se and Fe?"—S are comparable, the dispersion drop is far more significant for Fe**—
p p P P g
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Se than for Fe**—S, with bands comparable to the flat valence band of Zn—S. The conductivity for
oxidized Fe-S was further improved by post-synthetic sulfur defect formation. As seen in Figure
2.14 sulfur defects increased charge carrier density and dramatically improved conductivity from
0.13 uS ecm™! to 42 uS cm!. Scheme 2.2 summarizes the key insight from these studies, namely,
that high conductivity in these frameworks requires both higher charge carrier densities (from Fe
oxidation and S defect formation) and dispersive band curvatures (high carrier mobility) but that
a critical amount of oxidation causes the frameworks to distort into materials with lower charge
mobilities.

The redox-dependent conductivity supports the assignment of a band-type mechanism for
the Fe frameworks, as well, and explains the superior conductivity of the Fe frameworks. If the
mechanism involved redox hopping, then conductivity would maximize with Fe>"3" in a 50:50
mixture, with conductivity decreasing beyond this mixture, as has been observed for redox
polymers.3*? Instead, the DC conductivity of Fe-S from potential-dependent conductivity
(Figure 2.10) does not peak but rather continues to increase with greater oxidizing potentials
before leveling off. Furthermore, the observation that the in-air synthesis of Fe**—Se produces a
far more conductive material than the mixed-valent air-free synthesis of Fe—Se disputes a redox-
hopping mechanism. For band-type materials, conductivity generally improves in materials with
greater charge carrier concentrations. However, “overoxidation” of the Fe—S and Fe—Se
frameworks to form the Fe*" variants causes significant distortions to the lattices that flatten the
valence bands and reduce hole mobility (Scheme 2.2). The general tendency of Fe?* to engage in
facile redox chemistry, therefore, implies that the higher conductivity of the Fe frameworks
arises from their ability to form dilute charge carrier concentrations. Accordingly, the partial

oxidation of Mn-S led to greater DC conductivity by forming an oxidized Mn species. If
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oxidation had led to dilute concentrations of Ni** and Co®", rather than oxidized sulfides, we
predict that Ni—S and Co-S also would have demonstrated improved conductivity. Instead, we
propose that the Mn, Co, and Ni frameworks show similar charge transport to Zn—S when
prepared in air despite their more dispersive valence bands because, like Zn—S, their charge
transport involves intra- and intercluster hopping, rather than through bonds. Similarly, among
MOF families that can be prepared with a variety of metal ions, the Fe derivatives often exhibit
conductivities several orders of magnitude higher and smaller activation energies. Further
investigations suggest that Fe promotes charge transport with its high-energy Fe d-orbitals

23 mixed valency,?® akin to the Fe frameworks studied

susceptible to oxidation and, hence, Fe
here.

The conductivity of the Fe—S and Fe—Se frameworks represents rare examples of the
three-dimensional band-type transport in porous frameworks. High conductivity in MOFs often
arises from charge delocalization along infinite one-dimensional (1-D) chains of inorganic

32.93.94 and metal ions within otherwise 3-D frameworks. In this

ligands, such as chalcogenides,
“through-bond” transport mechanism, orbitals are conjugated along the chains but not across the

organic cores of the linkers. In rare cases, the chains are 2-D or 3-D,**%7 but orbital overlap does

not involve the entire material in an “extended conjugation” fashion. Extended conjugation has

231 23,65,95,96

been observed in MOFs that employ “redox noninnocent™" or “fully conjugated” linkers,
although the examples with the highest conductivities are typically 2-D sheets. For frameworks
based on polyoxometalate clusters,”” the exceptional conductivity of the Fe variants likely arises
from redox-type hopping, rather than from band-type transport, due to the ionic nature of Fe*'—

O?% bonds. The computed electron density in Figures 2.3 and A.21 and Table A.3 shows that the

valence bands of most of the frameworks involve the metal d-orbitals and chalcogenide p-
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orbitals but not the Ge atoms, whereas the conduction bands involve all elements. Hole transport,
therefore, does not proceed strictly by “extended conjugation”, whereas n-type doping would
lead to such a mechanism. Although open-framework chalcogenides comprise a large and
important family of materials, few reports have investigated their charge transport properties.
The DC conductivities of the MSnsSeio®” (M = Fe, Mn) frameworks were ascribed primarily to
ion transport and reported to be as low as 101° S cm™!,? compared to the ~10° S cm™! reported
here for FeGesS1o, which is dominated by electron transport. Such low electronic conductivity is
surprising given the covalency of the Fe—S bonds, but it may be explained by low charge carrier
densities afforded by the air-free synthetic conditions. However, charge carrier density could be
improved with sulfur defect formation, to afford the highest conductivities seen for Fe-S with
pressed pellet conductivity measurements.

Finally, these results reveal mixed-conducting and magnetic ordering behavior previously
unknown for open-framework chalcogenides. The ferromagnetic ordering of TMA2FeGesS1o
observed at ~2.75 K provides the first validation of an earlier computational study on this family
of material, which predicted ferromagnetism in the Fe variant but not the other analogues.’® This
study also predicted half-metallicity, which has yet to be reported. The absence of ferromagnetic
ordering in Fe—Se likely reflects the increased distance between Fe sites and/or the Fe sites being
predominantly Fe** centers. This may explain the absence of magnetic ordering in the previously
studied TMA,FeSnsSeio.”” Although open-framework chalcogenides have been widely studied as
ionic conductors, the EIS data in Figure 2.7c demonstrate hallmark evidence of mixed ion—
electron conductivity. Given the ability of these materials to be prepared with other cations, such
as Cs,’® K,” and Li,” their propensity for cation exchange,®® and the variable pore sizes and

environments, coupled with the tunable electronic conductivity reported here, these results reveal
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that open-framework chalcogenides comprise an attractive new class of mixed conductors for

studying energy storage and other electrochemical technologies.
Conclusions.

In conclusion, we report the preparation of two new open-framework chalcogenides,
TMALNiGesS10 and TMA2CoGesSeio, and investigate the electronic, magnetic, and charge
transport properties of these new members and previously reported isostructural analogues.
Comparison of these materials through conductivity measurements and DFT methods shows that
the identity of the metal ions and chalcogenides controls charge transport by dictating the
composition and curvature of the valence and conduction bands and hence the charge carrier
mobilities. The Fe-containing variants exhibit the highest conductivities, whereas all other
variants display similar DC conductivity magnitudes. Impedance spectroscopy reveals that
charge transport in the former involves mostly electrons, whereas the latter depends on both ions
and electrons. This insight and the strong dependence on the amount of oxidized metal ion
dopants suggest that charge transport in the frameworks proceeds by a band-type mechanism that
improves with dilute concentrations of holes but which diminishes at high concentrations due to
structural distortions that flatten band curvatures. Although open-framework chalcogenides are
well established, these results provide some of the only insights into their tunable physical
properties, proving that they remain a powerful platform for studying fundamental aspects of

porous materials.
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CHAPTER 1II

SOLVENT-CONTROLLED ION-COUPLED CHARGE TRANSPORT IN
MICROPOROUS METAL CHALCOGENIDES

This section includes an excerpt from previously published and co-authored material
from McKenzie, J.; Kempler, P. A.; Brozek, C. K. Solvent-Controlled lon-Coupled Charge
Transport in Microporous Metal Chalcogenides. Chem. Sci. 2022, 13 (43), 12747-12759.

In this chapter, the project idea was conceptualized by Jacob McKenzie and Carl. K.
Brozek. The article was co-written by Jacob McKenzie, Carl K. Brozek, and Paul A. Kempler.

Experiments and analysis were performed by Jacob McKenzie.
Introduction.

Semiconductors with permanent microporosity radically diverge from the performance
and basic principles of conventional electrochemical materials.>¢>%%° With pores on the scale of
Angstroms or nanometers, these materials fundamentally challenge notions of electrochemical

19.33.100 while offering diverse compositional diversity.** Such

double layers and charge storage,
extreme surface-to-volume ratios, and architectures composed entirely of monolayers wrapped
into a wide range of topologies, offer a powerful platform for investigating next-generation
electrochemical technologies such as supercapacitors, electrocatalysts, and gas-diffusion
electrodes. Metal—organic frameworks, open-framework metal chalcogenides, and microporous
metal oxides comprise important classes of materials with opportunities in membranes, energy
storage, and catalysis.!?"19 While studies into these systems continue to attract attention of
wide-ranging communities, their basic conductivity behavior remains largely unexplored.

The mechanisms of charge transport and redox chemistry of molecular materials become

dictated by ion—charge interactions when the distance between ions and charges approach
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Angstrom length scales.'®!'% For example, the movement of protons governs charge transfer in
molecules*>!°7 and biological systems*® such that the concerted motion of protons and electrons
(PCET) is thermodynamically favored over stepwise proton and electron transfer. The redox

108-114 3]s0 becomes

chemistry of molecules, conductive polymers, and colloidal nanocrystals
facilitated by ion pairing with redox-inactive metal ions, such as Sc** and Ca?*.!>-!'7 Beyond
microporous semiconductors, electrodes with high surface-to-volume ratios, such as 2D layered
materials, exhibit redox chemistry and delocalized charge transport sensitive to the presence of
electrolyte.! %119 Ton-coupled charge transfer (ICCT) has been recently demonstrated to influence

the electron mobility of MOFs as well.*>*¢ We propose that ICCT must be considered in

materials where external ions, such as electrolytes, exist within Angstroms of itinerant charges.

L where r denotes the

Conceived classically, the influence of each charge should scale as —
<0

average inter-charge distance, &, the operative dielectric constant, and &, the permittivity of
vacuum. Therefore, the design of electrochemical capacitors, batteries, and electrocatalysts based
on microporous conductors must consider these potentially strong interactions because they all
involve the mixed conductivity of both ions and electrons.!?°

Open-framework metal chalcogenides (OFMCs) offer an ideal platform for studying the
coupling of ions and electrons in nanoconfined spaces. Like MOFs, these materials afford a wide
range of tunable structures through variable cluster sizes, the identity of the cluster elements and
linking transition metal, and the identity of the cations that balance the anionic structures.?>6%-
79121122 Previously, we explored the electronic, magnetic, and conductivity properties of the
prototypical family of OFMCs, first reported by Yaghi et al.,’®* TMA>MGesQio (Q: S and Se; M:
Fe**, Mn?', Co?*, Zn**, and Ni**).!?*> Scheme 3.1a displays a portion of a prototypical

microporous metal chalcogenide framework and Scheme 3.1b highlights the close proximity of
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the delocalized electron pathway (green) and the direction of cation movement (pink).
Importantly, these studies established that whereas the Zn, Mn, Co, and Ni variants exhibit redox
hopping-type, mixed conductivity, the Fe analogue exhibits band-type electronic transport. In
particular, band structure calculations indicated non-dispersive valence bands localized on sulfur
sites, corroborating the assignment of redox hopping between sulfurs as the likely conduction
mechanism. In contrast, the partial density of states analysis of the Fe analogue revealed
dispersive valence bands delocalized across both the sulfur and Fe atoms. Therefore, the contrast
of Fe and Zn materials is convenient for understanding the chemical parameters, such as solvent,
that govern ICCT and their impact on the two key forms of charge transport.

Here, we report solid-state conductivity data showing that this class of materials displays
mixed ionic-electronic conductivity controlled by solvent. We hypothesize that solvent untethers
the motion of charges from ions by facilitating the motion of ions and by screening strong ion—
charge interactions. This effect enhances ambipolar diffusion and thus dramatically improves
electronic conductivity. These results, therefore, present guidelines for rationalizing previous
observations of conductivity in microporous materials sensitive to environmental conditions and

establish design rules for controlling basic charge transport mechanisms.
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Scheme 3.1 Representations of TMA>FeGesS1o viewed along the a) [100] and b) [101] directions.
Proposed conduction pathways of delocalized electrons and extra-framework cations are
highlighted in green and pink, respectively.

Results and Analysis.

Microcrystalline powders of open-framework chalcogenides TMA>2MGesS10 (M = Zn and
Fe) were prepared following modified synthetic procedures previously reported by Yaghi et al.,%®
with phase purity verified by powder X-ray diffraction (PXRD) (Figures B.1 and B.2). To
compare the distinct mechanisms of mixed conductivity in the Zn and Fe variants, pressed pellets
were analyzed by chronoamperometry using stainless steel ion-blocking electrodes while

stepping the applied voltages between —0.2 V and 0.1 V. Figure 3.1 shows the current transients
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for both materials when dry and after treatment with deionized water. When dry, the Fe system
exhibits steady current transients (Figure 3.1a) consistent with the Fe system being a purely
electronic band-type conductor. Indeed, when considering the current transient at —0.2 V, an
electronic transference number t. of 0.97 and a minimal ionic contribution of t; = 0.03 is found.
By contrast, the dry Zn analogue (Figure 3.1c) displays a non-ohmic current response, indicative
of ionic contributions (ti = 0.15) and, therefore, mixed conductivity. Furthermore, plotting the
steady-state current values versus applied voltage reveals a pronounced hysteresis in the Zn
system, but no hysteresis in the Fe system (Figure. B.5). Hysteresis in current—voltage (I-V)
curves on forward and reverse scans is commonly observed in other classes of mixed conductors,
such as conductive organic polymers and perovskites, when analyzed with similar ion-blocking
electrodes, and has been attributed to low ion mobilities.!?*'?7 Indeed, fits of the initial current
transient at —0.2 V to the Cottrell relation yields an effective diffusion coefficient of 1.3 x 1072°
cm? s7! for the Zn system (Figure. B.3). This low diffusivity could be explained by poor mobility
of bulky TMA" in solid state, with transport limited by nearest neighbor hopping through the
lattice. Thus, these current—voltage data corroborate our previous report that the Fe system
conducts by pure electronic transport, whereas the Zn system conducts both cations and
electrons.!?® Given that the Fe and Zn systems are isostructural, the substantial difference in
conductivity likely arises from the materials possessing distinct transport mechanisms. For the
Zn system, redox hopping between clusters necessitates ion movement to maintain charge

46,91,128-131

neutrality, whereas charge carrier delocalization in the Fe system maintains charge

neutrality through motion of both electrons and holes.
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Figure 3.1 Chronoamperometry traces of TMAxFeGesS10 and TMA2ZnGesS1o pressed-pellets
under applied voltages spanning —0.2 V to 0.1 V when dry (a and c), and after treatment with 10
uL of deionized water (b and d), respectively.

Given the proximity of TMA™ cations to itinerant electrons in both the Zn and Fe
systems, we expected solvent addition to facilitate TMA" movement and screen coulombic
interactions between the TMA™ and electrons. We therefore varied the solvent size and dielectric
strength to explore these effects. The influence of solvent was quantified via chronoamperometry
experiments, which were repeated following the treatment of pressed pellets with deionized
water. Unlike the dry Fe system, the hydrated Fe system displayed a non-ohmic current response
(Figure 3.1b). The corresponding ionic transference number increases to 0.77. Fits to the Cottrell

relationship for this material yield an effective diffusion coefficient of 2.3 x 1074 c¢m? s7! (Figure
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B.4). For the hydrated Zn system, ionic conductivity is enhanced (Figure 3.1d), with the Cottrell
relationship producing an effective diffusion coefficient of 1.6 x 10713 ¢cm? s™'—a ten-million-
fold improvement compared to the dry Zn system (Figure B.3). These diffusion coefficients are
comparable to diffusion coefficients found for PFs anions in metallocene-modified
(Zr6016H16)(TBAPy)2 MOF systems (10711-1071% cm? s71).132

The steady-state currents obtained from chronoamperometry across the hydrated Fe and
Zn systems were compared as a function of the applied voltage to determine their DC (purely
electronic) conductivities. Compared to DC conductivities when dry, the hydrated Fe system
increases from 0.11 to 0.93 uS cm™!, whereas the hydrated Zn system increases from 0.0011 to
1.2 uS em™!. Although the I-V hysteresis of the hydrated Zn system persists, it decreases in
magnitude (Figure B.5). The hydrated Fe system exhibits an [-V curve hysteresis not previously
observed for the dry Fe system. The larger hysteresis between steady-state current values
observed at —0.2 V on the forward and reverse scan for the Fe system (1.4 pA) versus the Zn
system (1.1 pA) reflects the smaller diffusion coefficient determined for the Fe system.

With the observation that water treatment improved the electronic conductivity of both
the Fe and Zn systems, we explored the effect of solvents with a wide range of bulk dielectric
constants. Figure 3.2 summarizes the pressed pellet DC conductivities after addition of solvent.
Values were obtained from linear fits to the plateaued time points of I-V profiles collected at 2
mV s~! (Figures B.6 and B.7). For a greater range of bulk dielectric values, water/EtOH mixtures
were employed in precise ratios.!** In general, the DC conductivities of both the Zn and Fe
systems dramatically increases with increased solvent dielectric strength. For example, these data
indicate a ten-thousand-fold improvement to the electronic conductivity of the Zn system in the

presence of formamide compared to the dry pellet. The -V curves resulting from these solvent-
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dependent DC conductivities always exhibited non-linearity for the Zn framework, typical of a
diffusion-limited process, (Figure B.7), whereas for the Fe system, the I-V curves appear linear
for solvents with low dielectric constants, such as DCM and n-butanol, (Figure B.6) but non-
linear for solvents with high dielectric constants, such as MeOH, acetone, or water (Figure B.6).
Solvent size also correlates with changes to DC conductivity (Figure B.8). Specifically, smaller
solvents generally correspond to higher conductivity values, helping to explain discrepancies in
the relationship between dielectric and conductivity. For example, although t-butanol bears a
larger bulk dielectric than CH>Cla, the former leads to lower DC conductivities. This discrepancy
could be attributed to its larger size (0.55 nm) compared to DCM (0.46 nm),'3* thereby impeding
it from more effectively entering the framework ~1 nm micropores, to properly solvate TMA™.
However, conductivity generally improves when employing larger solvents unlikely to fit in the
pores. This improvement likely results from solvent interactions with TMA™ in the macropores
that exist between particles in the pressed pellet. In the case of the Fe system, DC conductivity

scales roughly linearly with solvent dielectric strength (Figure 3.2b), especially when excluding
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Figure 3.2 a) Solvent-dependent DC conductivity values of TMA>FeGesS10 and TMA>2ZnGesS10
pressed-pellets obtained from linear fits to [-V curves swept voltammetrically between —0.2 V and
0.2 V at 2 mV s !, In increasing order of bulk dielectric constants, the solvents included hexanes,
toluene, chloroform, DCM, THF, IPA, t-butanol, n-propanol, acetone, ethanol, methanol,
(EtOH : water mixtures spanning 9:1 to 1:9), water, and formamide. Dotted lines correspond to
dry-pellet DC conductivity values. Panels (b and c) represent the same data plotted on a linear
scale.
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outliers MeOH and water, likely due to their comparatively smaller size that facilitate improved
packing in the micropores. The Zn system, however, shows a strongly non-linear dependence for
solvents having a bulk dielectric constant >40 (Figure 3.1c). Collectively, these results suggest
that for the Fe system, solvent serves to screen the attractions between itinerant electrons and less
mobile TMA™ cations, in accordance with a semi-classical coulombic interaction. For the Zn
system, however, the non-linear relationship could be ascribed to solvent facilitating the
ambipolar diffusion of hopping-type transport by improving ion transport, as has been observed
for the solvent dependent conductivity of mixed conducting polymers.'3

To further deconvolute the charge transport mechanism in the Fe and Zn systems,
electrochemical impedance spectroscopy (EIS) was performed on dry and solvent-treated
pressed-pellets. Figure 3.3 displays Nyquist plots for the Fe system with data fitted to models
based on the corresponding equivalent circuit diagrams. The impedance response for the Fe
system when dry (Figure 3.3a) produces a single semicircle as expected of a pure electronic
conductor.?” The right-most x-intercept (1.13 MQ) gives the electronic resistance of the system,
yielding an electronic conductivity of 0.09 puS cm™!, comparable to DC methods (0.05 uS cm™!)
(Figure 3.2). Close inspection of the low frequency (right side) of the spectrum reveals a slight
distortion of the semicircle that precludes fitting the impedance response to a parallel
combination of an electronic resistance and idealized dielectric capacitance. We ascribe this
distortion to an additional parallel constant phase element (CPE). Attempts to model this
distortion to grain-boundary contributions—commonly modeled as a parallel resistor and

capacitor—proved unsuccessful.37-136-138 Constant phase elements are defined primarily by their

1
(Jw)™Qo

phase, n, with their total impedance (Z) described by Z = . When n = 1, the CPE

describes an ideal capacitor, whereas n = 0 corresponds to a pure resistor, and n = 0.5 denotes a
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Figure 3.3 Nyquist plots of TMA2FeGesS1o pressed-pellets when dry a) and after addition of DCM
b), n-propanol c), and deionized water d). Black traces represent fits to the equivalent circuit
diagrams shown in the figure. Crossed-out circuit elements denote elements that are too large to
adequately fit to the impedance response.

semi-infinite diffusion-related process, termed a Warburg element.!3%-!4? The phase that describes

the distortion for the Fe system is 0.37, suggesting ion—electron interactions influence electronic

conduction even when dry. This CPE could be attributed to a distribution of contact
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resistances,'#! a distribution of conduction pathways through the pellet,4%143

or a coupling
constant between charge transfer pathways.!37:14* While dispersion of contact resistances and
conduction pathways are expected to affect the EIS response at high frequencies, the dispersion
observed in our systems appears in the low-frequency region (right-side) of the Nyquist plot.
This dispersion likely reflects local ionic motion in the impedance response of the bulk material
and the inhomogeneous pore resistances.!* Therefore, we ascribe this circuit element to a CPE
we term Qcoupling, Which describes the electrostatic coupling between ions and charges. Previous
reports theorized that this effect impacts the bulk impedance response of mixed conductors, but it
is often neglected in circuit fitting because dielectric responses are typically far larger than any
electrostatic coupling, 38144

By contrast, the Zn system displays an incomplete semicircle even when dry (Figure
3.4a). The x-intercept fit produces a high bulk resistance of 48 MQ which corresponds to a
conductivity of 0.002 uS cm™!. We ascribe this resistance to be predominantly ionic in character.
Fits to these data also suggest a significant distortion to the low frequency (right side) of the first
semicircle. In contrast to the Fe system, the CPE associated with this distortion has n = 0.45.
While the phase for the Fe system is too distorted to definitively define its origin, for the Zn
system this phase can be ascribed to a diffusion process. Furthermore, in contrast to the Fe
system, a CPE with n = 0.41 controls the impedance response below 0.4 Hz. Microscopically, we
attribute this process to a “chemical capacitance” (Qcnem) arising from the hopping of electrons
under the influence of TMA™ concentration gradients induced by the ion-blocking

interfaces.?”-13%146 The distorted impedance responses described by Qcoupiing Observed for the dry

Fe and Zn materials suggest distinct manifestations of ICCT. Although typical analysis of mixed
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Figure 3.4 Nyquist plots of TMA>2ZnGesS10 pressed-pellets when dry a) and after addition of
DCM b), n-propanol c¢), and deionized water d). Black traces represent fits to the equivalent circuit
diagrams shown in the figure. Crossed-out circuit elements denote elements that are too large to
adequately fit to the impedance response.

conductors treats ions and electrons as separate charges with independent resistances and, hence,
parallel resistors, these data suggest a partial convolution of the ionic and electronic rails, which

manifests in the CPE we label as Qcoupling.?”-13814¢ Furthermore, because Qcoupling for the dry Zn
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system fits to n = 0.45, these electrochemical process can be physically understood as a diffusion
process. In fact, the CPE can be readily exchanged for a Warburg element with little change to
the fit (Figure B.10). This result implies cation—electron ambipolar diffusion. Such Warburg-type
responses have been observed for porous electrodes where the movement of ions and electrons
are coupled.'’ In contrast, the Fe system shows n = 0.37, with this dispersion in the diffusive
response potentially due to mean-field attraction from TMA™ cations impeding the movement of
delocalized electronic carriers.

To better understand the mechanistic role of solvent in a redox hopping-type system, EIS
responses were recorded for the Zn system after treatment with solvents spanning a range of bulk
dielectric values (DCM, n-propanol, and water; Figure 3.4). In general, with increased solvent
dielectric strength, the Zn system displayed decreased impedance across all frequencies and a
diffusion-related process dominates at low frequencies. As with the dry Zn system, these data
were fit best to a circuit with a Qcoupling €lement attributable to cation-coupled electron transport.
With all solvents, the CPE bears an average phase of n = 0.48 equivalent to a Warburg diffusion
element, suggesting charge transport proceeds by an ambipolar diffusion mechanism, i.e., by
redox hopping compensated by diffusing TMA™ cations. Furthermore, the ionic resistances
decrease with solvents of greater bulk dielectrics, as observed by the position of the intermediate
x intercepts in the Nyquist plots. In addition, the electronic resistances also decrease with
solvents of greater bulk dielectrics, as calculated from circuit fits which provide the second low
frequency x intercept (Figure 3.5). This result implies solvent improves ambipolar diffusion and
manifests in decreases in Warburg coefficients for the Qcoupling (Figure 3.5) and improved
diffusion coefficients. Furthermore, fits for hydrated Zn system included a contact resistance (Rc)

to ensure valid interpretation of the impedance results. The Rc found is 150 Q, in close
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shown in Figures 3.3 and 3.4. (a) AC ionic conductivity as a function of solvent bulk dielectric for
the Fe and Zn materials. (b) AC electronic conductivity as a function of solvent bulk dielectric for

the Fe and Zn materials. (¢) High frequency Warburg coefficients derived for TMA2ZnGesS1o from
the Qcoupling-

agreement with the contact resistance found when considering the impedance of the dry Zn

system, 106 Q. This result implies that solvent treatment does not dramatically affect the ohmic
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contact between the electrode and pellet. The low-frequency EIS response of the solvent-treated
Zn analogues can be modeled by the CPE Qchem, Which corresponds to electron diffusion under
the influence of a TMA™ gradient. For all solvent treatments, n > 0.5 for Qchem, With an average
phase of 0.56. Like Qcoupling, this phase can be physically understood as a diffusion process and in
the context of the mixed conducting literature corresponds to equal charge carrier concentrations
of both electrons and ions.®” This fact provides further evidence for concerted ambipolar motion,
where electrons can only conduct with associated ion diffusion.

Based on the hypothesis that electronic conduction improves because of improved
ambipolar diffusion promoted by increased ionic conductivity, the Zn system was treated with an
aqueous solution of TMABr. After treatment, the electronic resistance further decreased to 8000
Q (Figure B.12). This result suggests the increased availability of TMA™ leads to greater cation
concentration gradients and stronger electric fields to promote electron conduction. 3
Furthermore, the ionic resistance also decreases from 1300 Q to 30 Q, when considering the 150
Q Reontact. Furthermore, when modeling Qcoupling as @ Warburg element, we find a Warburg
coefficient of 2.4 x 10° Q 572, in comparison to 6.7 x 10° Q 712, with just deionized water. This
result reflects the increased density of positive point charges that can stabilize hopping electrons
leading to improved hopping.

Similarly, to better understand ICCT and the mechanistic role of solvent in a band-type
system, the EIS response of the Fe system was recorded after solvent treatment (DCM, n-
propanol, and water depicted in Figure 3.3). As with the Zn system, increased solvent dielectrics
leads to an overall decrease in impedance, but due to a different mechanism. With nonpolar
solvents such as DCM, the asymmetry at frequencies below 10 kHz became more pronounced

and the low-frequency x-intercept reduced from 1.13 MQ to 0.45 MQ. We interpret these
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changes to mean an increase in charge coupling concomitant with a decrease in DC conductivity.
For more polar and higher dielectric materials, such as n-propanol and water, a low frequency
impedance “tail” emerges, reminiscent of the chemical diffusion seen in the Zn system (Qchem).
These solvents cause a reduction in the ionic and electronic resistances of the Fe material.
Whereas ionic resistance can be found directly from the first x intercepts, the electronic
resistances were determined by fitting the spectra to the circuit diagrams shown in Figure 3.4.
Like the Zn system, fits to the hydrated response included Reontact, producing values of 200 Q that
agree with Reontact Of the dry Fe system (114 Q). Close inspection reveals that the phase of
Qcoupling, the process describing coupled electron—cation motion, becomes highly distorted.
Across all solvents, we observed an average n value of 0.33, with water treatment leading to the
smallest phase of n = 0.15. Furthermore, when utilizing high dielectric solvents, the low
frequency CPE Qchem also exhibits a highly distorted phase that averaged to n = 0.31. These
highly distorted CPE values indicate that unlike the ambipolar diffusion of the Zn system,
electronic conduction dominates charge transport in the Fe system,?” but under the influence of
cation—electron interactions that become frequency dependent with solvent and cation motion.
While solvent screens the interactions between iterant charges, leading to a net decrease in
electronic DC resistance and AC resistance, the increase in ionic motion creates non-uniform
electric fields and electronic resistances, leading to highly dispersive n values.!*> While
electronic resistances were fitted for the Fe system from circuit fits for most solvents, the
hydrated system was unable to be fitted to an electronic resistance due to the far lower ionic
resistance. This result contrasts with the hydrated Zn system, where improvements to ionic

conductivity led directly to a measurable improvement in electronic conductivity, further
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supporting the claim that the charge transport mechanism for the Zn material proceeds by mixed,
hopping-type transport.

Because concerted ion—charge motion improves the thermodynamic driving forces of
charge transfer in related systems,!'!? we investigated the impact of solvent on charge transport
thermodynamics for the Fe and Zn systems. Temperature-dependent DC conductivity values of
the Fe system after treatment with either o-dichlorobenzene or formamide reveals virtually no
change in the activation barrier for electron conduction (Figures B.14 and B.15). In contrast, the
temperature-dependent EIS response of the Zn system after formamide treatment exhibits a
lower activation barrier when fitting both the first and second x intercept resistance (0.25/0.30 eV
vs. 0.44/0.37 eV), suggesting increased carrier density for the Zn system (Figure B.13). Taken
together, these results further support the assignment of the Fe system as a band-type conductor:
the activation barrier remains unchanged because solvent simply screens the coulombic
attraction between electrons and cations, leading to an improvement in the mobility of the
electronic charges, but without increasing charge carrier density. For the Zn system, on the other
hand, redox hopping becomes more facile with improved ion diffusion, increasing carrier
density, and manifesting in a far lower activation barrier then the Fe system.

Discussion.

These results provide some of the first evidence that solvent controls both ion and
electron transport in a microporous material. To summarize, the overall impedances of both the
Zn and Fe materials decrease as the dielectric strength of the solvent increases, causing the
purely electronic resistances to decrease as well, yet for different microscopic reasons. Solvent
plays two roles mechanistically for both materials: decreasing electronic resistance and

improving ion diffusion, yet these results suggest the relative importance of each role to the Fe
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versus Zn materials depends on the charge transport mechanism. For the band-type Fe material,
the dominant role of solvent is to screen resistive cation—electron interactions, while for the
hopping-type Zn material, solvent improves ambipolar diffusion (at high frequencies) and
generates large electric fields (at low frequencies) leading to improved chemical diffusion of
electrons. The “screening” role of solvent for the Fe material is evidenced by the roughly linear
dependence of DC conductivity versus dielectric strength, as expected for semi-classical
Coulomb interactions. Furthermore, fitting the EIS data to the electron—cation coupling element
Qcoupling led to highly distorted phases more consistent with a resistive-based process, rather than
classical diffusion expected from a redox hopping process. Lastly, the insensitivity of the charge
transport activation barrier to solvent suggests electronic conductivity increases with solvent
addition due to improved electron mobility brought about by charge screening, rather than
improved ion diffusion aiding in a redox hopping process. In contrast, the Zn system exhibits a
decreased activation barrier with solvent addition, which is consistent with a redox hopping
process, as solvent decreases the activation barrier for ionic conduction.!3>14%:14% The nonlinear
dependence of DC conductivity with solvent dielectric also corroborates a hopping-type ICCT in
the Zn material, as do the n ~ 0.5 phase angles for both Qcoupling and Qchem from EIS fittings.
Finally, the nature of the ICCT process in the high frequency regime for the Zn material likely
involves concerted cation—electron motion. Scheme 2 summarizes these conclusions. The TMA*
provide shallow electrostatic traps in the case of the Fe system, creating increased resistance to
the band-type conduction, whereas for Zn, they function as deep traps necessitating concerted

motion of both hopping charges and mobile cations.
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deep electrostatic traps

Scheme 3.2 Conduction pathways for the band-type Fe a) versus hopping-type Zn b) analogues.

Although solvent interactions have been reported to impact the conductivity of diverse
classes of inorganic materials, this study provides unprecedented insight the mechanistic role of
solvent on charge transport in microporous systems. Because ion diffusion dictates redox
hopping mechanisms, as demonstrated in MOFs, metal oxides,'*° and redox polymers,>*-128

solvent-dependent ion diffusion has been explored. For example, conductivity studies of the
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MOF Zr(3-hydroxy-2-[7-(4-carboxy-2-hydroxyphenyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydro-1H-
benzo[lmn][3,8]phenanthrolin-2-yl]benzoate) revealed that diffusion coefficients derived from
chronoamperometry decreased with higher dielectric solvents.*® However, the scope of the study
was limited to few solvents and focused on just this hopping-type material. However, anecdotal
evidence abounds for the solvent- and electrolyte-dependence of charge transport in large-pore
MOFs and COFs,*6:129-132.151-153 'We contend that this solvent dependence likely results from the
pervasiveness of hopping-type charge transport in MOFs. Furthermore, we expect these effects
to be magnified by nanoconfined ions. For example, as the pore sizes of isostructural MOFs
decrease, reports have noted that diffusion coefficients of hexafluorophosphate and
tetrakis(pentafluorophenyl)borate anions also decrease.*® In the extreme limit (chemical bonding)
of ion—charge confinement where ions are close or equal in size to the pore, such interactions
could resemble PCET.*? Elsewhere in the literature, the conductivity of the semiconductor
material PbsNai 5(OH)o.5(2,3,6,7,10,11-hexakis(butyrylthio)triphenylene) was reported to
increase by 10 000-fold upon introduction of water and when measured at high humidity, but
without explanation or comparison to other solvent treatments.!>* Similarly, the conductivity of
mesoporous NaSbS, was shown to increase 1000-fold in humid air as opposed to vacuum,
although the exact mechanism remains unknown,3%-128.148.155

These results resemble evidence of ion—electron coupling in organic semiconductors. !4’
While conventional semiconductors such as Si, CdSe, or GaP can be doped through substitution,
polymers require doping through redox chemistry that necessitates charge-balancing ions. The
localization of these ions on polymer backbones leads to electronic transport strongly dependent
on both solvent and electrolyte identity. Poly(3,4-ethylenedioxythiophene)/poly(4-

styrenesulfonate) has been reported to increase in conductivity from 0.8 uS cm™! in the dry state

85



to 80 uS cm ™! with DMSO, with intermediate conductivities achieved with THF and other
solvents of lower dielectric strengths.!*® The authors explicitly attributed the effect to dielectric
screening of ion—electron interactions. Similarly, the conductivity of the copolymer poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS) increases from 1 S cm™! in the
dry state to a maximum value of 1000 S cm™! with DMF.!%¢ Exposure to various solvents with a
range of dielectric strengths yielded PEDOT:PSS conductivities that were non-linear with
dielectric strength, akin to the data reported here for the Zn system. Portale et al. attributed this
enhancement to increased polaron delocalization, evident from the intensified bipolaron optical
feature following solvent addition. Lastly, the seminal study on the metallically conductive
polymer poly(benzimidazobenzophenanthroline) documented a 200-fold decrease in
conductivity when doped with ions, attributed to the formation of coulombic trap states.*® In
contrast to the results report here, solvent addition further induced a 1000-fold diminishment of
conductivity, which the authors ascribed to a solvent-induced switch from a band-type to
hopping mechanism of charge transport. Evidence for this claim pointed to an increase in the
conduction activation barrier from 0.07 eV when dry to 0.63 eV in the presence of MeCN. In the
case of the Fe system on the other hand, addition of solvent maintains the activation barrier,
suggesting the charge transport mechanism remains band-type.

While ion—electron interactions have been well-documented in polymer systems, this
report is the first to quantify the coupling strength of ion and electrons with electrochemical
impedance analysis. Scheme 3.3 summarizes the model employed here and the expected ICCT
behavior in band-type versus hopping-type systems. For a band-type material, such as the Fe
analogue, we expect an impedance response shown in dashed purple, arising from the presence

of cations creating a frequency-dependent resistance to the itinerant charges. Hence, we term
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these materials “ion-limited conductors”. For hopping-type systems, such as the Zn analogue, we
expect the impedance response shown in dotted red, which resembles the behavior of an “ideal
(non-coupled) mixed conductor”, but with lower impedance across all frequencies and distorted
semi-circular features induced by ion—charge concerted motion. The phase of the Qcoupling CPE
offers a means to distinguish between concerted hopping-type mechanisms (n ~ 0.5) versus
band-type conduction impeded by ion interactions (n <« 0.5). While traditionally reserved for
analyzing lower-frequency regions of Nyquist plots, i.e., the diffusion “tail”, such Warburg-like
circuit elements have been employed to describe similar distortions present in porous polyamide
films impregnated by water and electrolyte.!>” This analysis, in combination with solvent-
dependent activation barriers, provides some of the first evidence of redox-type hopping in
microporous materials, although this mechanism is commonly invoked for MOFs, such as Zr(3-
hydroxy-2-[7-(4-carboxy-2-hydroxyphenyl)-1,3,6,8-tetraoxo-3,6,7,8-tetrahydro-1H-
benzo[Imn][3,8]phenanthrolin-2-yl]benzoate).*¢ Just as PCET provides lower-energy redox
pathways in biological systems,*? the observation of concerted charge transport in
TMA2ZnGesS10 suggests high energy intermediates may be avoided in inorganic systems through
ICCT. Mixed conductors feature widely in electrochemical technologies such as fuel cells,
batteries, supercapacitors, and electrocatalysts, where ions conduct to balance charges in porous
electrodes.!?° However, achieving both high ionic and electronic conductivity remains an
outstanding challenge. For example, while LiFePO4 possesses large solid state Li* diffusion
coefficients (10~ cm? s7!) the low electronic conductivity (10° S cm™2) necessitates conductive
additives.!>%15 In contrast, traditional metal oxide electrodes possess higher electronic

conductivities (10#-107° S cm™2), but are often hindered by poor ionic transport.!¢° These results
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are therefore critical to the design and analysis of microporous materials for energy storage

applications.
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Scheme 3.3 Generalized impedance response for an ideal mixed conductor (black solid trace), an
ion-coupled conductor (dotted red trace; TMA2ZnGesS10), and ion-limited conductor (dotted blue
trace; TMA2FeGesSo).

Conclusions.

In conclusion, experimental comparison of TMA2FeGesS10 and TMA2ZnGesS1o reveals
electrochemical signatures of ion-coupled transport and the mechanistic role of solvent in
controlling band-type versus redox hopping conductivity in microporous materials. Non-linear
responses in direct-current sweep voltammetry and chronoamperometry indicate diffusion-
controlled hopping-type transport, whereas linearity supports the assignment of band-type
conduction. Electrochemical impedance spectra point to concerted ion—electron hopping when
constant phase elements fit to phase values of n ~ 0.5, whereas band-type electronic conduction
appears impeded by ion interactions when n <« 0.5. This analysis constitutes a novel method for
quantifying ion-coupled conduction. Taken together, these signatures present a microscopic
picture of how solvent controls ion-coupled transport in two distinct forms of conduction:

whereas solvent improves electronic conductivity by screening ion—charge interactions in band-
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type systems, it improves ambipolar diffusion in hopping-type systems by accelerating ion
transport. Although developed with a model class of materials, these insights and methods unify
observations of solvent- and electrolyte-dependent conduction already observed in wide-ranging

classes of materials, while providing tools for designing electrochemical systems in general.
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CHAPTER IV

IRON-BASED OXIDATIVE COUPLING ENABLES INTERLAYER CHARGE
TRANSFER IN 2D VAN DER WAALS METAL-ORGANIC FRAMEWORKS

This section includes unpublished and coauthored material from the prospective
manuscript McKenzie, J.; Pennington, L. P.; Kadota, K.; Ericson, T.; Cope, E.; Cozzolino, A. F.;
Hendon, C. H.; Brozek, C. K. Interlayer Charge Transfer between 2D Van Der Waals Metal-
Organic Frameworks.

In this chapter, the project idea was conceptualized by Jacob McKenzie, Kentaro Kadota,
and Carl K. Brozek. The article was co-written by Jacob McKenzie, Doran Pennington, Carl K.
Brozek, and Christopher H. Hendon. Experiments and analysis were performed by Jacob
McKenzie, Kentaro Kadota, and Doran Pennington. Computations were performed by Elana
Cope and Doran Pennington. Mdssbauer spectra were collected and analyzed by Thomas Ericson

under the supervision of Anthony F. Cozzolino.
Introduction.

Graphene, Crlz, and other layered compounds derive their unique properties from weak
interlayer van der Waals interactions that allow them to exist as atomically thin sheets. These 2D

van der Waals (vdW) materials display distinct quantum mechanical behavior that finds use in a

161,162 163,164

range of technologies including batteries, catalysts, superconductors, 616 topological

insulators,'®” and photovoltaic devices.'®® However, strong interlayer interactions can also
dominate the behavior of 2D vdW materials. For example, whereas monolayers of black
phosphorous possess an optical band gap of 1.55 eV, the gap decreases to 1.05 eV for dimers and
just 0.46 eV for bulk.!®® In addition, the already-high charge mobility of 286 cm? V! s7! of black

1

phosphorous when prepared as several stacked layers increases to 1000 cm? V! s7! simply by
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increasing the film thickness.!”® Similar layer-dependent phenomena manifest in tellurene (2D
elemental Te) and certain metal chalcogenides including InSe, TiS>, SnS, and the group-10 family
(e.g., PtSy or PtTe).!7!-175 On the other hand, various classes of layered materials, including the
group-6 and group-7 transition metal dichalcogenides (e.g., WSe> and MoS;) and ReS,, display
little if any dependence on layer thickness. This marked difference in interlayer interactions has
been correlated with interlayer binding strengths, which range from a ‘weak’ 23 meV A~ for
graphene to a ‘strong’ 33 meV A2 for black phosphorous.'7® Microscopically, “quasi-covalent
bonding” between electron lone pairs in the so-called van der Waals gap between these layered
compounds has been postulated as the origin of strong interlayer interactions. In fact, X-ray
scattering measurements have detected electron density between TiS, sheets resembling S-S
bonding interactions.!”” Beyond single-compound materials, interlayer interactions influence
heterostructures as well. Practically, the often air unstable single-layer black phosphorous is
stabilized though interfacing with hexaazatriphenylene derivatives, through exploitation of strong
interlayer interactions.!”® Furthermore, band-edge offsets in heterojunctions such as MoSe>/WSe:
lead to interlayer excitons'” with long recombination lifetimes and ultra-high charge
carrier/thermal transport due to efficient polaron delocalization across layers.!6%!30 Interlayer

excitons find utility in advanced field-effect transistors,!8!:182

photodetectors,!#318¢ and quantum
emitters.!®> Despite the importance of interlayer interactions in tuning 2D vdW behavior, little is
known about their chemistry, in part due to the limited set of materials and synthetic methods for
investigating them.

Here, we report a combined experimental-computational investigation into the tunable

interlayer interactions of the 2D metal-organic framework (MOF) Fe(SCN)x(pyrazine),. These 2D

materials exfoliate under sonication to yield colloidally stable monolayer sheets that display an
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intense and broad absorption band upon either chemical or electrochemical oxidation. Calculations
indicate oxidation creates mixtures of Fe3*/Fe?* sheets that strongly interact with an anomalously
large binding strength of ca. 83 meV/A2. Simulations also suggest that this absorption band arises
from interlayer charge transfer between adjacent Fe**-SCN fragments with pyrazine across the
vdW gap. Although this excitation resembles interlayer excitons, it occurs between materials that
differ only in oxidation state rather than between heterodimers. Whereas interlayer excitons and
binding strengths remain difficult to tune in conventional vdW materials,'®¢ the 2D vdW MOF is
amenable to a range of chemical modification strategies. Experimentally, this interlayer charge
transfer can be modulated with solvents of varying dielectric strength to screen the interlayer
interaction, with electrolyte to separate the sheets, or by altering the chemical composition of the
donor-acceptor components of the 2D MOF. Taken together, these results expand the types of
interlayer interactions through synthetic tunability, while inching their orbital nature closer
towards true covalent binding.

Results and Analysis.

In search of vdW materials with wide synthetic tunability, we targeted a subset of MOF
structures due to their diverse compositions. Although most MOFs are electronic insulators, a
growing family of atomically thin structures show the semiconducting or metallic behavior
expected for vdW materials with strong interlayer interactions.!3’-!% Indeed, recent reports
indicate that charge mobility between sheets may exceed mobility within a 2D sheet.!*°
However, studies of interlayer interactions between 2D MOFs remains largely limited to the

“graphitic”, honeycomb-type structures dominated primarily by n—n forces akin to graphene.!!

Inspired by the ability of the lone pairs in black phosphorous or TiS; to interact across the vdW

92



gap, we targeted the 2D layered MOF Fe(SCN)2(pyz)2 (Fe-SCN-pyz, Figures 4.1a and 4.1c¢),

which features axial NCS~ groups.
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Figure 4.1 a) 3D crystalline structure for Fe(SCN)2(pyz)2. b) methanolic solution of exfoliated
Fe(SCN)2(pyz): displaying the Tyndall effect. ¢) local octahedral coordination environment of iron
centers. d) Powder x-ray diffraction patterns for the bulk and exfoliated 2D sheets pre and post
atmospheric oxidation

We hypothesized that in a similar manner to lone pairs, the NCS~ groups would mediate
vdW interactions and increase the accessible contact area between sheets. Similar pyrazine-
bridged materials have exhibited semiconductor behavior.!? The synthesis of the 2D layered
Fe(SCN)2(pyz): (Fe-SCN-pyz) was accomplished following reported synthetic procedures.!®?

The obtained microcrystalline powder was analyzed by powder x-ray diffraction (PXRD) and
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the pattern matched expected reflections from the simulated structure (Figure 4.1d). The bright
orange microcrystalline powder was exfoliated via ultrasonication in methanol to yield an
optically clear yellow solution, which strongly displayed the Tyndall effect (Figure 4.1b). This
nanosheet suspension was dried down to yield a light orange powder. The crystallinity of the
material was maintained, with strong preferential orientation along the (001) crystallographic
plane, indicating that periodicity existed primarily between sheets. These nanosheets were
readily suspended within a variety of both polar and nonpolar solvents (Fig. C.4).

While the bright orange powder of the bulk structure in aerobic conditions is maintained
indefinitely, the yellow methanolic solution of suspended nanosheets under aerobic conditions
darkened and in the span of two weeks became a violet-colored solution. The violet-colored
solution still strongly displayed the Tyndall effect, indicating sheets were still suspended after
two weeks. This nanosheet suspension was dried down to yield a dark purple, nearly black
powder. The crystallinity of this material was maintained with preferential orientation along the
(001) crystallographic plane, with a slight shift of the (001) reflection indicating a relative
contraction of interlayer spacing in the crystal lattice (Figure 4.1d). Figure 4.2a displays UV-Vis
spectra of both the pristine nanosheets in anerobic conditions and after atmospheric exposure
over two weeks suspended in MeCN. For both solutions, there are features at ~320 and ~260 nm
assigned to T — 1" and n — T* transitions in pyrazine respectively.!** Also present is a feature at
~290 nm which is assigned to a T — T* transition in NCS~.!>> However, while there is no
absorption in the visible light under anerobic conditions, upon atmospheric exposure a broad
absorption feature between 360-700 nm emerges.

In contrast to the bulk structure which was isovalent high spin Fe?*, Mossbauer

spectroscopy of nanosheets suspended in MeOH and exposed to atmospheric oxidation for two
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months displayed two distinct doublets assigned to high spin Fe** and high spin Fe** (Fig. C.12).
Interestingly, even with excessive atmospheric oxidation, the material is stabilized in a mixed
valent state with 21% Fe?" and 79% Fe**(Fig C.12). Further evidence of mixed valency was
confirmed by DR UV-Vis-NIR of air oxidized nanosheets which displayed a broad band in the
near IR, characteristic of an IVCT between Fe?*-Fe’* (Fig. C.6).

To further understand the interplay between Fe oxidation state and visible light
absorption, spectroelectrochemistry was performed on a solution of nanosheets suspended in
MeCN in anaerobic conditions. The electrochemical cell was a quartz cuvette with a platinum
mesh working electrode, platinum wire counter electrode, silver wire pseudoreference electrode,
and 0.1 M TBAPFs as the supporting electrolyte. Cyclic voltammetry measurements of the
suspended nanosheets revealed a reversible redox feature centered at 400 mV vs. Ag that was

assigned to the Fe?*3*

redox couple (Fig. C.9). To this solution, a constant 700 mV potential was
applied while UV-Vis spectra were recorded in 2 minute intervals. Figure 4.2b displays the
growing absorption feature at ~500 nm as an oxidizing potential is applied. The reversibility of
this ~500 nm feature was explored by applying a subsequent 100 mV reducing potential after
oxidizing, and the feature was bleached. Finally, 700 mV was applied once more and the ~500
nm feature returned (Fig. C.10).

These results suggest Fe?" oxidation facilitates the emergence of the band in the visible
light region. However, only the band around 440 nm can be directly attributed to Fe** and is
assignable to a SCN — Fe3*charge transfer. The band around 500 nm that also grows in with Fe?*
oxidation is instead assigned to a NCS — pyz charge transfer, as assigned through supporting

computations. For Fe****-SCN-pyz, by simulating the oscillator strength of electronic transitions

across the spectral window, individual bands which are responsible for optical absorption can be
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investigated. The optical transition at ~510 nm displays charge density on NCS- at the occupied
level and charge density on pyrazine at the virtual level (Figure 4.3b). Critically, the virtual level
is located on a different layer than the occupied level, demonstrating that the charge transfer
occurs between layers. Furthermore, simulated absorption spectra for Fe***-SCN-pyz
monolayer and bulk shows the 510 nm transition is visible only in bulk, where charge transfer

between layers is possible (Figure 4.3a).
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Figure 4.2 a) UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets suspended in MeCN pre
and post atmospheric oxidation. b) UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets
suspended in a 0.1M TBAPFs MeCN solution as 700mV vs Ag/Ag" is applied with a platinum
mesh working electrode, platinum wire counter electrode, and silver wire pseudoreference.

The synergistic role of Fe** oxidation in promoting the interlayer charge transfer can be
partially understood through simulations which support the experimentally observed contraction
of the interlayer spacing upon oxidation [shift of (001) PXRD reflection]. Computations show
that with Fe?" oxidation the sheets in the layered structure become closer, with the distance
between CNS- and the closest N in pyrazine dramatically shortening from 4.09 A to 3.47 A.

Furthermore, the interlayer coupling strength can be calculated by comparing the energy of the
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Fe?*3* layered structure to the energy of a Fe*"** monolayer. After normalizing the energy
difference to the unit cell area in the covalent plane, a coupling strength of 83 meV/A? is

observed, which is higher than any previously-reported layered 2D material.!*®
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Figure 4.3 a) Simulated transitions and relative absorption strength for monolayer and bulk
Fe?*3*_SCN-pyz. b) Occupied level orbitals and virtual level orbitals for the electronic transition

at ~510 nm.

In addition to reduced interlayer distances, Fe** oxidation also distinctly alters the
chemistry of the axial NCS". Fourier transform infrared spectroscopy for the pristine Fe?"SCN-
pyz shows a characteristically strong absorption at 2050 cm™! assigned to the C—N stretch in
N—bound thiocyanate to Fe?*. However, upon atmospheric exposure, the stretch broadens and
splits into two bands of roughly equal proportions. The new band at 2140 cm'! is assigned to N-
bound thiocyanate to Fe**. The increase in the C—N bond energy for NCS-bound to Fe3* vs Fe?*
is explained by the reduction in 1t backbonding when Fe?* oxidizes, leading to a strengthening of
the C—N stretch in NCS". In addition, there is also a feature at 2020 cm™! assigned to free NCS'.
Displaced NCS- serves as a charge balancing anion and is generated from OH" displacement

upon atmospheric oxidation. This bound OH" is observable in a moderately sharp IR stretch at
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~3400 cm™! (Fig C.15a). In summary, Fe** oxidation promotes the emergence of interlayer
charge transfer both through a modulation of the Fe—NCS bond strength and a contraction in
interlayer distance.

We next explored the solvent dependence of the interlayer charge transfer. Given the
dielectric sensitivity of NCS seen in the UV-Vis response of the isostructural Co-SCN-pyz, we

expected the interlayer charge transfer to have distinct solvatochromic effects (Figure 4.4a).!"’
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Figure 4.4 a) UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets suspended
in diethyl ether, MeCN, DCM, n-propanol, and MeOH at 184uM. b) Oscillator strength sum across
the visible light bands vs solvent dielectric. ¢) Concentration dependence of atmospherically
oxidized Fe-SCN-pyz nanosheets suspended in MeOH. d) Absorption at ~500nm as a function of
concentration.

Indeed, in low dielectric solvents the charge transfer is intense and red shifted (such as Et;0,

THF, and DCM). The weaker solvent—SCN interactions strengthen interlayer interactions,
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facilitating interlayer charge transfer through increased aggregation and/or increased electron
density on NCS'. In contrast, high dielectric solvents blue shift and weaken interlayer charge
transfer, with the band nearly unobservable in protic solvents like MeOH. Strong solvent—SCN
interactions reduce interlayer charge transfer through weakening interlayer interaction and/or
reducing electron density on NCS".

Considering the previous results, we postulated that conditions that enable aggregation
should modulate interlayer charge transfer. With this in mind, we theorized that there should be
concentration dependent effects with a positive deviation from Beer-Lambert’s law at
sufficiently high concentrations.!”® Indeed, suspensions in MeOH at 184 uM in Figure 4.4a. only
display a weak band around 400 nm attributed to the SCN — Fe3* charge transfer. When the
sheets are suspended at the far higher concentration of 2800 uM, interlayer charge transfer is
readily observed. (Figure 4.4c). The concentration dependence for the interlayer charge transfer
absorption indeed has a positive deviation from Beer-Lambert’s law at higher concentrations,
supporting aggregation-assisted charge transfer (Figure 4.4d).

The interlayer charge transfer was further modulated through intercalation chemistry,
with the expectation that a sufficiently large noncoordinating anion would disrupt interlayer
coupling and charge transfer. Figure 4.5a shows the UV-Vis spectrum of air oxidized sheets
suspended in MeCN as TBABF; is added to the solution. Indeed, the interlayer charge transfer
blue shifts and decreases in intensity with increasing electrolyte addition, while monolayer
features around ~300nm attributed to isolated NCS™ and pyrazine bands increase in intensity.

Furthermore, as expected, the size of the intercalating anion plays a crucial role in
modulating interlayer coupling. When the larger anion PF¢ is added to a nanosheet suspension

from TBAPF¢, a comparatively minor decrease in the interlayer charge transfer band is observed
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(Figure C.14b). This is understood by the bulkier PFs proving less effective at intercalating
between the sheets to disrupt interlayer electronic communication.

Conversely, when the smaller anion NO3™ in TBANO3 is added to nanosheet suspensions
both the interlayer charge transfer and SCN — Fe3* bands are bleached by comparatively small
equivalents (Figure C.14a). Fourier transform infrared spectroscopy reveals that while there are
no significant changes to the IR stretches assigned to N—bound thiocyanate to either Fe** or Fe?*
with TBABF, or PFs addition, with TBANOj3 addition, the IR stretch at 2140 cm™ shows a large
decrease (Figure C.15). This result indicates partial ligand replacement of NCS- with NO3"

preferentially on Fe3” sites.
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Figure 4.5 a) UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets suspended
in MeCN as TBABF; is titrated in (tick marks at top of graph denote the most intense simulated
absorptions for mixed valent aggregates and monolayers). b) DR UV-Vis of atmospherically
oxidized Fe-SCN-pyz before and after saturating the pellet with a IM MeCN solution of TBABF.
c) Photographic depiction of the solution color change as TBABF is added.
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The NCS- displacement further stresses the importance of this ligand in mediating the charge
transfer.

However, with all electrolytes added, the feature assigned to unbound NCS- at 2020 cm™!
is unobservable, which indicates successful incorporation of BF4, PFs or NOs™ into lattice
through displacement of the charge balancing NCS- (Figure C.15). In the solid state, the same
trends apply. The DR UV-Vis spectra seen in Figure 5.6b showcases that upon addition of
TBABF; to oxidized nanosheet solutions, anion incorporation persists after recovery from
solution. After electrolyte addition, there is a decrease in the band gap energy and a relative
increase in higher energy absorptions, consistent with solution state UV-Vis results. In summary,
these results suggest that the large electrolyte anions can intercalate between sheets and displace
charge balancing NCS". The anion sizes are sufficiently large to force the sheets far enough apart
that interlayer coupling is too weak to enable interlayer charge transfer.

Finally, given the synthetic landscape Fe-SCN-pyz affords with two potential linker
substitutions, a variety of material analogs were synthesized to observe the significance of both
NCS- and pyz on facilitating interlayer charge transfer (Figure 4.6a). To tune the electronic
nature of the donor orbitals the similar 2D net materials Fe(Cl)2(pyz)2 and Fe(SeCN)2(pyz). were
synthesized. The successful synthesis of both was confirmed by PXRD (Figures C.1 and C.3).
For Fe-Cl-pyz, upon atmospheric oxidation and suspension in THF no interlayer charge transfer
is observed (Figure 4.6b). However, we do observe a strong band around 360 nm, which we
instead assign to a Cl — Fe3* charge transfer. For Fe-SeCN-pyz, there is a very weak absorption
present around ~530 nm assigned to a NCSe — pyz charge transfer, and a stronger absorption

around 460 nm which we assign as a SeCN — Fe3* charge transfer.
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Figure 4.6 a) Depiction of the of the donor and acceptor atoms in the interlayer charge transfer.

b) UV-Vis of atmospherically oxidized Fe-SCN-pyz and Fe-SCN-4,4’-Bipyridine suspended in

THF. c) UV-Vis of atmospherically oxidized Fe-SCN-pyz, Fe-SeCN-pyz, and Fe-Cl-pyz

suspended in THF.
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In addition, the acceptor orbitals were tuned by synthesizing Fe(SCN)2(4,4’-Bipyridine)s.
Upon desolvation at high heat and vacuum, the 2D net structure was confirmed by PXRD
(Figure C.2). Unlike Fe-Cl-py and Fe-SeCN-pyz, upon atmospheric oxidation and suspension in
THF a purple color was observed. Solution state UV-Vis seen in Figure 4.6c¢ reveals that the

interlayer NCS — 4,4'Bipyridine charge transfer is far weaker and slightly blue shifted relative to

the NCS — pyz charge transfer.
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Discussion.

These results demonstrate one of the first reports on interlayer coupling in 2D MOFs. In
summary, Fe?*-SCN-pyz nanosheets in solution exhibit minimal interlayer coupling with a band
gap of 3.9 eV, compared to 2.6 ¢V in bulk. However, with oxidation to Fe*"**-SCN-pyz there is
a strong interlayer stabilizing interaction, shifting the band gap from 3.9 eV to 2.4 eV in THF.
This coupling along with proper donor and acceptor orbital alignment leads to an intersheet
charge transfer. Fe oxidation promotes greater interlayer coupling by both reducing the interlayer
distance as seen computationally and by PXRD, and by increasing electron density onto S in
NCS- as observed with FTIR. The charge transfer functions as an optical indicator for interlayer
coupling, allowing for a systematic study into modulating interlayer interactions. Parameters
such as the dielectric medium, intercalating species, and composition had profound effects on
such interlayer interactions.

When considering solvent effects, preferential NCS—solvent interactions were exhibited
in polar protic solvents leading to a substantial reduction in the interlayer charge transfer.
Moreover, with nonpolar solvents interlayer interactions were strengthened with interlayer
charge transfer extinction coefficients as high as ~5000 M-'cm!. Through-space charge transfer
in other MOF structures has only observed extinction coefficients between 20-110 M- cm!,199:200
and in 2D vdw heterostructures as high as 1200 cm GW-!. However, the dielectric medium only
controlled interlayer coupling in the dilute limit as high concentrations of suspended nanosheets
even in MeOH strongly displayed interlayer charge transfer. The interlayer coupling can be
further tuned through the post-synthetic intercalation of different electrolyte species. Smaller
noncoordinating anions such as BF4 were most effective at disrupting interlayer communication

and bleaching interlayer charge transfer. Intercalation of molecular agents has been explored in
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weakening interlayer interactions in MoS», albeit with far larger electrolyte anions that
dramatically alter the crystalline structure and performance of the material.*°! Finally, the
sensitivity of the interlayer charge transfer to material composition was explored by subjecting
various analogs to similar conditions. The NCS- is crucial in dictating the charge transfer as its
axial position in the so-called vdw spacing mediates interlayer interactions. Substitutions for CI
and SeCN in Fe-SeCN(Cl)-pyz exhibited minimal if any interlayer charge transfer. Whereas,
when 4,4’-Bipridine is substituted for pyrazine interlayer charge transfer is present, albeit less
pronounced, related to changes in dynamics and electronic structure associated with 4,4’-
Bipyridine.?*

Although through space charge transfer has been observed in MOFs its often in rigid
insoluble 3D structures where judicial ligand placement is required to promote T — Tt
interactions, which mediate charge transfer.!9?-200-203.204 [n contrast, this study explores charge
transfer in MOFs mediated by lone pair interactions. While such behavior is largely unexplored
in MOFs, lone pair-mediated interactions have been widely considered in 2D transition metal
dichalcogenides and elemental phosphorous/tellurium, to describe anomalous interlayer
interactions, 16%171,173,196,205-207

In contrast to the traditional 2D vdw materials which are basically atomically flat, Fe-
SCN-pyz has pendant NCS- directed into the interlayer spacing, endowing the material with even
greater interactive surface area. This combined with Fe induced oxidative coupling leads to a
massive interlayer coupling strength of 81 meV/A2. This is the largest interlayer coupling
strength ever reported with strongly interacting 2D vdw materials typically having values

between 27 — 59 meV/A2,196
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The massive interlayer coupling manifests in an intense optical absorption between
interlayer orbitals. Interlayer coupling induced charge transfer while extensively studied in 2D
materials has been limited primarily in-scope to 2D heterostructure devices and films, where the
charge transfer is between two different monolayers with proper band alignments, that being the
VBM and CBM lying in different material monolayers.?°*-2!? In addition, bilayers of one 2D van
der waal material can exhibit charge transfer via twisiting a layer relative to the other, as
explored commonly with graphene.?!? In contrast to these traditional 2D vdw materials, Fe?*-

SCN-pyz can be post-synthetically oxidized to a mixed valent Fe?*3*

-SCN-pyz , promoting
interlayer charge transfer between sheets via differing oxidation states as opposed to differing
band edges. This fact allows for solution processability of the charge transfer material and
unprecedented solution-state characterization of 2D vdw interlayer charge transfer. We found
that proper orbital alignment and orbital energies is critical to realizing charge transfer with
slight changes to orbital interactions through solvent dielectric, ligand substitution, and interlayer
spacing completely bleaching interlayer charge transfer.

Conclusions.

In conclusion, through Fe redox modulation, this study showcases the emergence of a
novel interlayer charge transfer band from NCS — pyz meditated by a massive interlayer
coupling strength. The coupling strength was explored for the first time in solution, where
solvents that interacted favorably with the pendant NCS- groups could effectively turn the
interlayer charge transfer on and off. Furthermore, the interlayer coupling had strong anion
sensitivity with small amounts of NO3™ and BF4~ weakening interlayer charge transfer through
physical separation of sheets. Finally, substitution of NCS- for NCSe™ and CI" and 4,4’-bipyridine

for pyrazine revealed the critical importance of axial NCS- in mediating electronic
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communication between layers. Taken together, this seminal study describes the key parameters
that control interlayer coupling and through-space charge transfer, while cementing 2D vdw
MOFs as ideal platforms for studying these emergent phenomena. These results provide new
insights into future design of 2D vdw materials and optoelectronic devices where strong

interlayer coupling and charge transfer is desired.
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CHAPTER V

CONCLUDING REMARKS

This dissertation sheds light on fundamental questions of charge transport in high surface
area and microporous conductors and provides several new material frameworks for studying
emergent conduction phenomena. In particular, for the design and study of next-generation
energy storage devices.

In Chapter II, we synthesized a forgotten but diverse class of materials known as Open-
Framework Metal Chalcogenides (OFMCs). The highly covalent metal-sulfur bonds engender
materials with dispersive bands and high charge mobility, with metal oxidation and sulfur
vacancies introducing p-type charge carriers. TMA2FeGesS1o (Fe-S) stands as the most
conductive OFMC ever reported, owing to its unique redox properties, which supports a readily

accessible Fe?'3*

redox couple and stabilizes sulfur-based vacancy defects. Furthermore, we
found that unlike typical framework-based conductors, the conduction mechanism in Fe-S is
band-type. In Chapter III, we leveraged the ideality of the charge transport in Fe-S (band-type)
Zn-S (redox hopping), and the nanoconfined TMA™ cations within the micropores of the
structure, to study interfacial interactions of mobile and immobile ions on charge transport. We
found that solvent improves charge transport with DC conductivity scaling roughly with
dielectric strength for both materials, but for mechanistically different reasons. In Zn-S, solvent
facilitates redox hopping through improved ion diffusion, leading to a ~100,000 improvement in
conductivity. In Fe-S, solvent improves charge mobility via dielectric screening of coulombic
trap states between iterant charges and TMA". Furthermore, a novel electrochemical impedance

model described distinctly local interactions between TMA™ and charges. In particular, a CPE

circuit element was employed that described the mean-field attraction between TMA* and
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charges. From this model, Zn-S was described as an ion-coupled mixed conductor with ions and
electrons moving in a concerted motion analogous to proton-coupled electron transport.
Furthermore, Fe-S was described as an ion-limited conductor, with ions acting as charged trap
states that decrease charge mobility. Finally, in Chapter IV, interfacial interactions were explored
in 2D MOF Fe-SCN-pyz. We found massive interlayer interactions from axial NCS- that endow
the sheets with massive interactive surface area, and Fe oxidation which modulates the electronic
structure of NCS™ and the communication between sheets. This massive interlayer interaction
along with mixed charge states across layers, results in an interlayer charge in a solution-
processable homostructure. This allowed for unprecedented control of the charge transfer and
demonstrated that the interfacial chemistry between NCS- and its environment dramatically
affected charge transfer. In summary, high dielectric strength solvents completely nullified
charge transfer whereas low dielectric solvents greatly enhanced it. Furthermore, electrolyte ions
could be titrated into the solution, which nullified through-space charge transfer to varying
extents depending on the anion identity.

Taken together, this dissertation describes the impacts of solvent and chemically inert
ions on charge transport/transfer at the interfacial extremes of microporous conductors and 2D
vdw materials decorated with axial ligands. To summarize, solvent and electrolyte intrusion into
micropores dramatically affects charge transport in open framework metal chalcogenides, and
solvent and electrolyte interactions with NCS in a 2D vdw MOF completely dictates interfacial
charge transfer. In addition, Fe has an important role in the results of this dissertation. For
example, the use of Fe in TMAxFeGesSio realizes a novel microporous conductor, with

unprecedented band-type conduction. In addition, the use of Fe in Fe(SCN)2(pyz). facilitates

109



mixed charge states in a 2D vdw material to allow unprecedented charge transfer across the vdw
junction, in a solution-processable homostructure.

This dissertation answers fundamental questions of charge transport and charge transfer
at the interfacial extreme of 2D materials/microporous conductors and ascribes further
importance to Fe-based framework conductors. These materials, due to their high surface areas,
have been identified as the ideal material class for next-generation energy storage technologies.
In these technologies, solvent and electrolyte ions are critical to their function and directly
dictate their performance, especially when considering nanoconfinement in microporous
environments. Therefore, the results of this dissertation are critical in the design and operation of
these advanced technologies, with advanced energy storage technologies imperative in complete

decarbonization of society and stunting our alarming global temperature shifts.
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 2

Experimental Methods.

Materials. All commercial chemicals were used as received unless stated otherwise.
Germanium powder (99.99%, Sigma Aldrich), sublimed sulfur powder (99%, Strem),
tetramethylammonium hydroxide pentahydrate (95%, Oakwood), selenium powder (99.7%,
Acros Organics), iron(II) chloride tetrahydrate (98%, Alfa Aesar), iron(II) chloride (anhydrous,
Strem), nickel(II) chloride hexahydrate ( 98%, Alfa Aesar), cobalt(Il) acetate tetrahydrate (98%,
Alfa Aesar), zinc(Il) acetate dihydrate (98%, Sigma Aldrich), iron(IIl) chloride hexahydrate
(97%, Strem), manganese(II) chloride tetrahydrate (ACS grade, Baker), zinc(II) nitrate
hexahydrate (98%, Sigma Aldrich), barium sulfate (97.5%, Baker), N,N-dimethyl-p-
phenylenediamine (97%, Sigma Aldrich), ferrocenium hexafluorophosphate (FcPFs, 97%, Sigma
Aldrich), naphthalene (99%, Sigma Aldrich), hydrochloric acid (reagent grade, Sigma Aldrich),
hexanes (n-hexane, 45%, Oakwood Chemical), tetrahydrofuran (SPS grade, Oakwood
Chemical), and ethanol (200 proof, Decon Labs). Solvothermal syntheses were conducted in
autoclave PAAR bombs in Yamato Convection oven unless stated otherwise.

Characterization. Sample purity and crystallinity was verified by powder X-Ray
diffraction (PXRD) with a Bruker D2 Phaser benchtop diffractometer. Diffuse reflectance UV-
Vis was performed on a Perkin Elmer Lambda-1050 UV/Vis/NIR spectrophotometer with
Harrick Scientific Praying Mantis Diffuse Reflection (DRP) accessory and PMT, InGaAs, and
PbS 3- detector module. All samples were diluted with ground barium sulfate. Reflectance UV-
Vis spectra were collected in the range of 200-2000 nm with 2-nm resolution unless stated

otherwise.
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Pressed pellet conductivity measurements. Pressed pellets were prepared by
compressing ~30 mg of powders in a modified KBr pellet press die set with a hydraulic press at
2000psi for 30 minutes. The pellet press die set had tinned copper wires affixed to both sides
with silver paint and epoxy. Electrical contact was made by pressing a pellet with the modified
die set with the stainless-steel circular ends acting as the 2 electrodes. Direct-current (DC)
conductivities were determined from the slopes of current-voltage (I-V) curves collected with a
GAMRY Instruments Interface SO00E potentiostat, along with the electrode area (0.402 cm?2)
and pellet thickness, according to the equation below (where C is the slope of the I-V curve and
m is the pellet thickness):

bC C*m
7°0.402

Samples were voltammetrically swept at 2 mV/s between —0.2 (—0.1) and 0.1 V while
compressed at 1500 psi. Temperature-dependent measurements were conducted in a similar
fashion with samples kept at fixed temperatures in a Yamato Convection oven.

Pressed Pellet EIS Measurements. Using the same setup for pressed pellet
measurements and preparation, AC measurements were run with a DC voltage of 0 V with an
AC amplitude of 150 mV from 2 MHz to 0.1 Hz.

S’Fe Mossbauer Spectroscopy. All samples were characterized by a SEE Co. >’Fe
Mossbauer spectrometer equipped with a Janis SVT-400 cryostat. The samples were prepared
under a nitrogen atmosphere by placing up to 30 mg of fine powder in a 14.5 mm Teflon cup
with a Teflon plunger pressed into the cup to hold the sample. Data were collected until the
signal-to-noise was deemed sufficient for meaningful analysis. This was dependent on the
amount of sample loaded and the intensity of the source but was typically longer than 1 week.

Samples were maintained under a nitrogen atmosphere for the duration of the experiment.
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Calibration of the instrument was performed using a standard iron sample provided by SEE Co.
The data were analyzed using the Mdssbauer spectral analysis software WMOSS42!4 written by
Tom Kent and recently developed by Ion Prisecaru. The raw data were folded and calibrated
using the iron standard supplied to us. The folded data were then fit to an appropriate model. We
used two models to fit the data for this paper: the first is used for a pair of quadrupole doublets,
and the second model is for a single quadrupole doublet. We used these models to refine the
relevant parameters such as the shift of the quadrupole peak and the relative area of the peaks.

SQUID Magnetic Susceptibility Measurements. Direct current (DC) susceptibility
measurements were performed with a Quantum Design MPMS-XL SQUID magnetometer.
Samples were prepared under an inert atmosphere as finely ground microcrystalline powders
sealed in polyethylene baggies. Dc susceptibility measurements were performed at fields of
1000, 5000, and 10000 Oe. Ac susceptibility measurements were performed at zero DC field
with an AC field of 4 Oe. The data were corrected for the diamagnetic contributions of the
sample holder and the sample itself through the use of Pascal’s constants.?!> Magnetization
curves (M vs. H) were recorded at 100 K from 0 to 3 T to check for the presence of unwanted
ferromagnetic impurities.

XPS Measurements. X-ray photoelectron spectroscopy was performed on a
ThermoScientific ESCALAB 250 X-ray photoelectron spectrometer. A survey scan was used to
determine elements present before high-resolution scans were done on elements of interest. The
binding energy scale was shifted to the hydrocarbon peak given by the tetramethyl ammonium
cations residing within the frameworks.

TMA:FeGe4S10 Desulfurization. To 50 mg of TMAxFeGesS1o prepared air-free 2 ml of

sparged DI water was added, and a paste was formed. The still wet paste was then heated at 160
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°C under dynamic vacuum for ~12h. The resulting dark brown solid was then removed from heat
and left under dynamic vacuum for another ~24h to remove any absorbed H>S.

Methylene Blue Assay for H2S generation in TMA:FeGe4S10. Following a procedure
adapted from Bolton G. S. et. al.?!® 200 uL of a 300-mM solution of iron(III) chloride
hexahydrate in 1.2 M HCI, 200 pL of a 200-mM solution of N,N-dimethyl-p-phenylenediamine
in 7.2 M HCl, and 100 pL of a 1% (w/v) aq. solution of zinc(II) acetate dihydrate were added to
a 4-ml vial and gently shaken to stir. In another vial, 50 mg of TMA2FeGe4S10 prepared air-free
was suspended in 5 ml of sparged DI water by ultrasonication. The sample was then aged in an
80 °C fixed temperature oven for 2h. Afterwards, the solution was allowed to reach room
temperature before a 200 pL spike of the solution was added to the methylene blue cocktail
solution and shaken gently. An instant deep blue color appeared that was allowed to develop for
1 hour before collecting a solution-phase UV-Vis spectrum of the reaction mixture.

Chemical Oxidation of TMA;MGesS19 (M = Mn, Co, and Ni). Under an inert nitrogen
atmosphere, 26 mg (0.78 mmol) of FcPFs was dissolved in 4 mL of THF and left to stir for ~2 h.
Fifteen milligrams of each framework was added to the respective vials and 1 mL of the FcPFs
solution was added to each. The vials were left to stir overnight. The frameworks were then
washed with THF (10 mL x 3) and then dried under dynamic vacuum at room temperature.

Chemical Oxidation of TMA2FeGesS19. The ferrocenium tetrafluoroborate stock
solution was made by dissolving 0.3164 g of ferrocenium tetrafluoroborate in 10 mL of THF and
left to stir overnight. TMAxFeGesS10 powder was suspended in 5 mL of THF and left to stir. To
the stirring solution, 1 mL of the stock ferrocenium solution was added (1.5 equiv) to one vial

and 275 pL (0.5 equiv) to another vial. The reactions were left to react for 36 h. To wash them,
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the solids were centrifuged down under a positive N» pressure. The solids were then washed with
THF (30 mL x 2) and hexanes (30 mL x 1).

Potential-Dependent Conductivity. A 0.1 M TBAPF¢ solution was prepared by
dissolving 3.87 g of TBAPFs in 100 mL of acetonitrile under a positive nitrogen pressure. A
three-electrode electrochemical cell was constructed (see Schematic A.1) by immersing a pressed
pellet of TMA2FeGesSi0 into a sparged electrolyte solution (0.1 M TBAPFg in acetonitrile). An
insulated copper wire was appended to one side of the pellet by silver paint, with epoxy
insulating the electrical contact to the pellet. An Ag/AgNOs pseudo-reference was utilized as
well as a carbon counter electrode. A standard three-contact experiment was set up using a
GAMRY Instruments Interface SO00E potentiostat. EIS measurements were collected with 25
mV AC perturbations at different DC voltages (—0.3-0.9 V) relative to the open-circuit potential.
The bulk resistance of the pellet was determined by the low-frequency near-intersection on the x-

axis of the Nyquist plot.

Electrolyte
- 0 M TBAPF,
| in acetonitrile

Counter electrode — |
(carbon) /
7 ‘

Working electrode (TMA,MGe,S,; pellet)

—~
|/
A

Reference electrode ( Ag | AgNO,)

Scheme A.1 Depiction of electrochemical cell used for potential dependent conductivity
measurements.
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Synthetic Procedures

TMA4GesS1o. Following a procedure adapted from O. M. Yaghi et.al.,*® germanium
powder (1g, 13.76 mmol), sulfur powder (1.766 g, 6.88 mmol), and water (7.439 g, 412.8 mmol)
were added to a Teflon Parr bomb. While slowly stirring this mixture with a glass rod,
tetramethyl ammonium hydroxide pentahydrate (4.990 g, 27.53 mmol) was added and then the
Parr bomb was sealed and placed in a fixed-temperature oven at 150 °C for 15h. The resulting
yellow solution was vacuum filtered to remove unreacted germanium and then ~500 ml of
acetone was added to induce precipitation of a white solid. The white powder was washed with
acetone (20 ml x 3), hot toluene (20 ml x 3), and hexanes (20 ml x 3), then dried overnight under
dynamic vacuum to afford an off- white powder. The resulting product was stored under positive

N> atmosphere.

TMA,Ge,S,,

Intensity (a.u)

Sim.

0 15 20 25 30 35
26 (°)

Figure A.1 Experimental (red trace) and simulated (black trace) powder X-ray diffraction patterns
of TMA4GesSio.

TMA4GesSero. Following a procedure adapted from Homayoun Ahari et. al.,”
germanium powder (0.89 g, 12.2 mmol), selenium powder (2.43 g, 30.7 mmol), and water (4.4 g,

244 mmol) were added to a Teflon Parr bomb. While slowly stirring this mixture with a glass
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rod, tetramethyl ammonium hydroxide pentahydrate (2.28 g, 12.5 mmol) was added. The Parr
bomb was sealed and then placed in a fixed-temperature oven at 150 °C for 72h. The resulting
yellow solution was vacuum-filtered to removed unreacted germanium before ~500 ml of
acetone was added to the solution, causing instant orange precipitation. The orange powder was
subsequently washed with acetone (20 ml x3), hot toluene (20 ml x3), and hexanes (20 ml x3),
then dried overnight under dynamic vacuum to afford a red-orange powder. The resulting

product was stored under positive N> atmosphere.

TMA,Ge Se,,

Intensity (a.u)

Sim.

I
!

10 15 20 25 30 35
26 (°)

Figure A.2 Experimental (red trace) and simulated (black trace) powder X-ray diffraction patterns

of TMA4GesSeq.

All following procedures were adapted from the original synthesis of TMA2MnGe4S10 by O. M.
Yaghi et. al.®8

TMA:>MnGesS10. Manganese (II) chloride tetrahydrate (0.0776 g, 0.392 mmol) and
TMA4GesS10 (0.178 g, 0.196 mmol) were dissolved in 4 ml of ethanol and 8 ml of DI water,

respectively. To the TMA4GesSio solution, the manganese solution was added dropwise over the

course of ~2 minutes. The resulting mixture was allowed to react at room temperature for ~12h.
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The white solid was washed with DI water (15 ml x3) and then dried in a fixed temperature oven
at 150 °C for ~12h. The resulting material was stored under ambient conditions.

TMA:FeGesS10 (In-air synthesis). Iron(Il) chloride tetrahydrate (0.0779 g, 0.392 mmol)
and TMA4GesS10 (0.178 g, 0.196 mmol) were dissolved in 4 and 8 ml of DI water, respectively.
The iron solution was added dropwise to the TMA4GesS1o solution over the course of ~2
minutes. The resulting mixture was allowed to react at room temperature for ~12h. The bright
orange solid was washed with DI water (15 ml x3) and then dried in a fixed-temperature oven at
150 °C for ~12h. The resulting material was stored under ambient conditions.

Air-free synthesis. Anhydrous iron(II) chloride (0.0497 g, 0.392 mmol) and
TMA4GesS10 (0.178 g, 0.196 mmol) were dissolved in 4 ml and 8 ml of N»-sparged DI water,
respectively under positive nitrogen atmosphere. The iron solution was added dropwise to the
TMA4GesS10 solution over the course of ~2 minutes. The solution was allowed to react at room
temperature for ~12h. The bright-orange solid was washed with sparged DI water (15 ml x2),
ethanol (15 ml x2), and hexanes (15 ml x2) sequentially. Then, the solid was dried with a stream
of nitrogen and stored under positive N> atmosphere.

TMA:CoGesS10. Cobalt(Il) acetate tetrahydrate (0.0976 g, 0.392 mmol) and
TMA4GesS10 (0.178 g, 0.196 mmol) were dissolved in 4 ml of ethanol and 8 ml of DI water,
respectively. The cobalt solution was added dropwise to the TMA4GesS1o solution over the
course of ~2 minutes. The solution was left to react at room temperature for ~12h. The teal solid
was washed with DI water (15 ml x3) and then dried in a fixed temperature oven at 150 °C for

~12h. The resulting material was stored under ambient conditions.
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TMA:NiGesS10. Nickel(II) chloride hexahydrate (0.0932 g, 0.392 mmol) and
TMA4GesS10(0.178 g, 0.196 mmol) were dissolved in 4 ml of ethanol and 8 ml of DI water,
respectively. The nickel solution was added dropwise to the TMA4GesS1o solution over the
course of ~2 minutes. The solution was left to react at room temperature for ~12h. The brown
solid was washed with DI water (15 ml x3) and then dried in a fixed temperature oven at 150 °C

for ~12h. The resulting material was stored under ambient conditions.
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TMA2ZnGesS10. Zinc(ID) nitrate hexahydrate (0.1166 g, 0.392 mmol) and TMA4GesS1o

(0.178 g, 0.196 mmol) were dissolved in 4 and 8 ml of DI water, respectively. The zinc solution

was added dropwise to the TMA4GesS1o solution over the course of ~2 minutes. The resulting

solution was left to react at room temperature for ~12h. The white solid was washed with DI

water (15 ml x3) and then dried in a fixed temperature oven at 150 °C for ~12h. The resulting

material was stored under ambient conditions.

Intensity (a.u.)

TMA,MGe,S,,

Zn

’ " Sim. Mn
15 20

25 30
28 (%)

Figure A.3. Experimental powder X-ray diffraction patterns for TMA2MGesS10 (M: Mn, Fe, Co,
and Zn) compared against simulated patterns of the Mn material.

All following procedures were adapted from the original synthesis of TMA2FeGesSeio by

Homayoun Ahari et. al.”8
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TMA:FeGesSero (In-air synthesis). Iron(Il) chloride tetrahydrate (0.0779 g, 0.392
mmol) and TMA4GesSeio (0.270 g, 0.196 mmol) were dissolved in 4 and 8 ml of DI water,
respectively. The iron solution was added dropwise to the TMA4GesSe1o solution over the course
of ~2 minutes. The solution was left to react at room temperature for ~12h. The resulting maroon
solid was washed with DI water (15 ml x3) and then dried in a fixed temperature oven at 150 °C
for ~12h. The resulting material was stored under ambient conditions.

Air-free synthesis. Anhydrous iron(II) chloride (0.0497 g, 0.392 mmol) and
TMA4GesSeio (0.270 g, 0.196 mmol) were dissolved in 4 ml and 8 ml of sparged DI water,
respectively, under positive nitrogen atmosphere. The iron solution was added dropwise to the
TMA4GesSeio solution over the course of ~2 minutes. The solution was left to react at room
temperature for ~12h. The resulting maroon solid was washed with sparged DI water (15 ml x2),
ethanol (15 ml x2), and hexanes (15 ml x2) sequentially. Then, the solid was dried with a stream
of nitrogen and stored under positive nitrogen atmosphere.

TMA:CoGesSeqo. Cobalt(Il) acetate tetrahydrate (0.0976 g, 0.392 mmol) and
TMA4GesSeio (0.270 g, 0.196 mmol) were dissolved in 4 and 8 ml of sparged DI water
respectively. To the TMA4GesSeio solution the cobalt solution was added dropwise over the
course of ~2 minutes. The solution was left to react at room temperature for ~12h. The dark
brown solid was washed with sparged DI water (15 ml x2), ethanol (15 ml x2), and hexanes (15
ml x2) sequentially. Then, the solid was dried with a stream of nitrogen and stored under positive

nitrogen atmosphere.
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Figure A.4 Experimental and simulated powder X-ray diffraction patterns for TMAxFeGesSeo.
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Le Bail Fits and Rietveld Refinements.

To confirm the purity of samples as well as index the new isostructural analogs
(TMA2NiGesS1o and TMA2CoGesSeio), General Structure Analysis System (GSAS) was utilized
for Le Bail fits and Rietveld Refinements. The known crystal structures of TMA>MnGesS10 and
TMA:FeGesSe10%%7® was used to index the other experimental powder patterns, and the refined
unit cell parameters are summarized in table A.1. As a general note, the FWHM parameters U,
V, W, X, and Y, sample displacement, and unit cell lattice parameters a and ¢ were refined in

each Le Bail fit. The fits were determined to be feasible structural solutions to the given powder

patterns.?!’

Material a (Angstroms) ¢ (Angstroms) RWP (%)

Zn-S 9.401(4) 14.123(6) 14.71

-S 9.515(2) 14.275(3) 24.21
Ni-S 9.483(1) 13.871(1) 26.21
Co-S 9.437(4) 14.025(5) 28.01
Fe-S 9.425(5) 14.200(7) 30.66
Fe-Se 9.708(1) 14.778(1) 13.27

-Se 9.693(2) 14.605(4) 19.85

Table A.1 Refined Lattice Parameters (a,c) for as synthesized materials.
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SQUID Magnetic Susceptibility Data.
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Figure A.5 AC magnetic susceptibility for TMA>FeGesS1o giving in-phase a) and out of phase

b) components of Xy performed at frequencies of 10 (red trace), 100 (black trace), and 1000 (blue
trace) Hz.
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Figure A.6 Magnetization data for TMA2FeGesS1o at 1.8 K.
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Figure A.7 DC magnetic susceptibility for TMA>FeGesSeo at external magnetic field strengths

of 0.1 (red trace) and 0.5(black trace) T.
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Figure A.8 AC magnetic susceptibility for TMA>FeGesSeio giving in-phase a) and out of phase
b) components of Xy collected at frequencies of 10 (red trace), 100 (black trace), and 1000 (blue

trace) Hz.
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Figure A.9 DC magnetic susceptibility for TMA2NiGesS1o at external magnetic field strengths of
0.1 (red trace), 0.5 (black trace), and 1 (blue trace) T.
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Figure A.10 AC magnetic susceptibility for TMA2NiGesS1o giving in-phase a) and out of phase
b) components of Xy collected at frequencies of 10 (red trace), 100 (black trace), and 1000 (blue
trace) Hz.
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Figure A.11 DC magnetic susceptibility for TMA2CoGesS1o at external magnetic field strengths
of 0.1 (red trace), 0.5 (black trace), and 1 (blue trace) T.
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Figure A.12 AC magnetic susceptibility for TMA2CoGesS10 giving in-phase a) and out of phase

b) components of Xy collected at frequencies of 10 (red trace), 100 (black trace), and 1000 (blue
trace) Hz.
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Figure A.13 DC magnetic susceptibility for TMA>2MnGesS1o at external magnetic field strengths
0of 0.1, 0.5, and 1 (red traces) T.
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Figure A.14 AC magnetic susceptibility for TMA>2MnGesS1o giving in-phase a) and out of phase
b) components of Xy collected at frequencies of 10 (red trace) and 1000 (blue trace) Hz.
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Ligand Field Analysis.

Transitions were assigned according to literature precedent®'® and ligand field parameters
were determined using mathematical equations from A. B. P. Lever.2!” B’ is defined as the
reduction in the interelectronic repulsion parameter (B) when in the framework compared to the
B value for the free metal ion, as calculated by the equation below (where B is the experimental
interelectronic repulsion parameter and Bris the interelectronic repulsion parameter of the free

metal ion):

B’ (—B _ Bf) 100
. *k
B

T(F)— ‘A,

Normalized Kubelka-Munk Transform (a.u.)

71 T T T 1 T T T 1 T 11 LA B B B
16000 12000 8000
Wavenumber (cm™)

Figure A.15 Diffuse reflectance data plotted as the Kubelka-Munk function F(R) for
TMA:2NiGesS10 (purple trace), TMA2CoGesS1o (solid orange trace), TMA2CoGesSeio (dotted
orange trace), and TMA>FeGesSio (red trace) in the region of ligand-field transitions.
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Material D, (cm™) B (cm™) B (%)

Ni-S 453 746 31

Co-S 409 603 46
-Se 392 549 51

Fe-S 524 N/A N/A

Table A.2 Ligand field parameters as calculated from transitions observed in Figure A.15.
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Gaussian Fits and Tauc Plots for Band Gap Determination.
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Figure A.16 Tauc plot transformation of diffuse reflectance data for TMA>MnGesSio a)
TMA2CoGesSe1o b) with dotted lines extrapolated to the x-axis interpreted as the band gap

transition.
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Figure A.17 Gaussian fits for TMA2NiGesSio a) TMA2FeGesSio b), TMA2ZnGesSio c¢),
TMA2CoGesS10 d) and TMAzFeGesSeio e) with a LogPoly5 background. The green trace is
residuals from the fitting function, the red and blue trace are the experimental and simulated
Kubelka-Munk results respectively, and the bottom most red traces are the gaussians that give the
best fit, with the black gaussian interpreted as the band gap transition.
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Figure A.18 Gaussian fits for TMA2FeGesS10 under in-air a) and air-free b) conditions with a
LogPoly5 background. The green trace is residuals from the fitting function, the red and blue trace
are the experimental and simulated Kubelka-Munk results respectively, and the bottom most red
traces are the gaussians that give the best fit, with the black gaussian interpreted as the band gap
transition.
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Figure A.19 Gaussian fits for TMA2FeGesSeio under in-air a) and air-free b) conditions with a
LogPoly5 background. The green trace is residuals from the fitting function, the red and blue trace
are the experimental and simulated Kubelka-Munk results respectively, and the bottom most red
traces are the gaussians that give the best fit, with the black gaussian interpreted as the band gap
transition.
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Computational Methods.

Structural optimization for all materials were performed with DFT as implemented in the
Vienna ab initio Simulation Package (VASP, version 5.4.4).22° All structures were equilibrated
using the unrestricted GGA-PBEsol exchange—correlation functional??! with the PAW plane
wave method,??? using the quasi-Newton relaxation routine (IBRION=1). Ionic relaxation was
achieved when all forces were smaller than 0.005 eV A~'. The plane-wave cut off was set at 500
eV and the SCF convergence criterion was 107 eV, resulting in electronic convergence of 0.005
eV per atom. An automatic k-grid was used during the optimization with 3 x 3 x 2 sampling.
Single point calculations were performed with a 3 x 3 x 2 k-grid to obtain initial wavefunctions
before electronic properties calculations.

Electronic band structures along with partial density of states (pDOS) for each optimized
structure were constructed with the HSEs0106,%2* (PBEsol+25% HF, with a screen length of
0.207) level of theory and with similar convergence criteria as above sampling along the high
symmetry k-path as show in each band structure. The corresponding band gap for each optimized
structure were then obtained from the valence band maximum and the conduction band
minimum. Band decomposed charge density calculation at the I'-point were performed to

visualize the mixed-valence bands for the [Fe""GesS10TMA] material.
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Figure A.20 Simulated band structures and pDOS states for as synthesized materials.
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Figure A.21 Impact of Fe oxidation state on the simulated band structures and pDOS states for

TMAFeGesS/Seo.
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Figure A.22 Unit cell of TMAxFeGesS10 before (solid color) and after (faded) oxidation of Fe.

Percent Occupancy of Element (%)

Materials
Metal S/Se Ge
Mn''GesS1o 39 56 5
Co'"GesS1o 49 47 4
Fe''GesS1o 84 9 7
Ni'"GesS1o 45 51 4
Zn"GesS1o 4 92 4
Co'"GesSeo 31 64 5
Fe''GesSero 71 22 7
Fe''"GesS1o 72 20 8
Fe'"GesSe1o 39 55 6

Table A.3 Calculated relative percentage of each elements (M, Se/S, Ge) from pDOS at the VBM
of MGesS/Se1o materials where M is Mn, Fe, Co, Ni, and Zn.
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Figure A.23 Impact of Mn oxidation state on the simulated band structures and pDOS states for
TMA>MnGesSio.
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EIS Equivalent Circuit Fitting.

All EIS fits were performed using the open-source EIS Spectrum Analyzer software.?**
To fit, an equivalent circuit guess was built given the EIS response given and knowledge of the
material and experimental constraints (e.g. use of ion blocking electrodes). The equivalent
circuits were fit using the NM simp algorithm using the unweighted function. All capacitors used

in fits were modeled as constant phase elements and all other circuit elements and there fitted

values are summarized in the table below:

Material Circuit Element Fitted Value Error (%)
Zn-S Bulk Capacitance 19 nF 2.2
n 0.73 0.31
Interfacial Capacitance 1.1 uF 0.86
n 0.46 0.92
Bulk Resistance 674 kQ 0.50
Fe-S Bulk Capacitance 0.24 nF 0.28
n 0.91 0.13
Bulk Resistance 840 kQ 1.1

Table A.4 Fitted values with percent error for circuit elements used in EIS fits for Zn-S and Fe-S

pressed pellet AC measurements.
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Figure A.24 EIS responses (black traces) at 0.2 V a) and -0.3 V b) vs. OCP from the 3 electrode
pressed pellet measurements with a 0.1 M TBAPFs in MeCN, with a carbon counter electrode and
a Ag/Ag(NO3) pseudo reference electrode. AC voltage of 25 mV was applied from 2Mhz to 0.1
Hz. The equivalent circuit used to produce the fits (red traces) is shown in panel c.
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Figure A.25 Chronoamperometry traces for -0.3 V a) and 0.3 V b) vs. OCP from the experimental

set-up detailed in Figure A.24.
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Redox Chemistry of Frameworks.
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Figure A.26 Gaussian fits for TMA2FeGesS10 prepared by air-free conditions after FcBF4 chemical
treatment, with a LogPoly5 background. The green trace is residuals from the fitting function, the
red and blue trace are the experimental and simulated Kubelka-Munk results respectively, and the
bottom most red traces are the gaussians that give the best fit, with the black gaussian interpreted

as the band gap transition.
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Figure A.27 Experimental powder X-ray diffraction patterns of TMA,FeGesSio after FcBF4
chemical treatment at 0.5 eq (purple trace) and 1.5 eq. (pink trace).
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Figure A.28 a) Kubelka-Munk transform before (blue trace) and after (black trace) FcPFs chemical
treatment for TMA2CoGesS10. b) Gaussian fit with a LogPoly5 background. The green trace is
residuals from the fitting function, the red and blue trace are the experimental and simulated
Kubelka-Munk results respectively, and the bottom most red traces are the gaussians that give the
best fit, with the black gaussian interpreted as the band gap transition.

Normalized Kubelka-Munk Transform (a.u.)

Ni-S
As-Synthesized
" FCPF, treated

"""""

T

s e e
30000 20000 10000
Wavenumber (cm™')

R
40000

o
-

Residuals

Ni-S
FcPF, treated
Experimental
Fit

Energy (eV)

Figure A.29 a) Kubelka-Munk transform before (blue trace) and after (black trace) FcPFs chemical
treatment for TMA2NiGesS10. b) Gaussian fit with a LogPoly5 background. The green trace is
residuals from the fitting function, the red and blue trace are the experimental and simulated
Kubelka-Munk results respectively, and the bottom most red traces are the gaussians that give the
best fit, with the black gaussian interpreted as the band gap transition.
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Figure A.30 Tauc plot transformation of diffuse reflectance data for TMA>MnGe4S10 before (black
trace) and after chemical treatment with FcPFe (purple trace) with dotted lines extrapolated to the
x-axis interpreted as the band gap transition.
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Figure A.31 High-resolution XPS spectra of TMA>CoGesS10 before (red trace) and after (black
trace) treatment with FcPFg, showing the S 2p a), Ge 3d b), and Co 2p c).
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Binding Energy (eV)  Binding Energy (eV)

Element Before After
Ge 3d 31.35 32.95
Co 2p 781.7 780.8
S2p 162.05 162.9

Table A.5 Binding energies of the S 2p, Ge 3d, and Co 2p features of TMA>CoGesSio before and
after treatment with FcPFe.
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Figure A.32 High-resolution XPS spectra of TMA,>NiGesS1o before (red trace) and after (black
trace) treatment with FcPFg, showing the S 2p a), Ge 3d b), and Ni 2p c).
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Binding Energy (eV)

Binding Energy (eV)

Element Before After
Ge 3d 31.35 31.7
Ni 2p 856.8 856.35
S2p 162.95 162.7

Table A.6 Binding energies of the S 2p, Ge 3d, and Ni 2p features of TMA2NiGesS10 before and
after treatment with FcPFe.
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Figure A.33 High-resolution XPS spectra of TMA:MnGesS10 before (red trace) and after (black
trace) treatment with FcPFg, showing the S 2p a), Ge 3d b), and Mn 2p ¢).

144



Binding Energy (eV)  Binding Energy (eV)

Element Before After
Ge 3d 161.9 162.9
Mn 2p 640.8 642.8
S2p 30.8 32

Table A.7 Binding energies of the S 2p, Ge 3d, and Mn 2p features of TMA>MnGe4S10 before and
after treatment with FcPFe.
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Figure A.34 High-resolution XPS spectra of TMAxFeGesS10 prepared air-free before (red trace)
and after (black trace) treatment with FcPFs, showing the S 2p a), Ge 3d b), and Fe 2p ¢).
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Element Binding Energy (eV) Atomic Percent

Ge 3d 30.95 17.1
Fe 2p 7121 2.1
S2p 161.8 20.2

Table A.8 Binding energies of the S 2p, Ge 3d, and Fe 2p features of TMAxFeGesS1o prepared air-
free.
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Desulfurization of TMA:FeGesSio.
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Figure A.35 Experimental powder X-ray diffraction patterns for TMA>FeGesSio pre (red trace)
and post desulfurization procedure.

Methylene Blue Assay Solution after Spiking

Intensity (a.u.)

500 550 600 650 700 750
Wavelength (nm)

Figure A.36 UV-Vis spectrum of a dark blue solution that was allowed to develop for 1 hour after
the orange methylene blue assay mixture was spiked with 200 pL of a solution containing
TMA2FeGesS1o in 5 ml of water after aging in an 80 °C oven for 2 h.
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Figure A.37 Electrochemical characterization of water-treated Fe-S a) Pressed pellet
chronoamperometry current transients from -0.2 to 0.2 V with 0.05 V step increments b) Pressed
pellet EIS with a 50mV excitation from 2 Mhz to 0.1 Hz.
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Figure A.38 High-resolution XPS spectra of TMA>FeGesS1o before (red trace) and after (black
trace) water treatment, showing the S 2p a), Ge 3d b), and Fe 2p c).

148



Supplemental Electrochemical Data.
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Figure A.39 Representative IV curves from 2 electrode pressed pellet measurements scanned at 2
mV/s for TMA>2MGesS10 (M: Zn, Mn, Co, and Ni) a), TMA2FeGesS1o b), and TMA>FeGesS10 post
water-treatment c).
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Figure A.40 Experimental powder X-ray diffraction patterns of TMA2FeGesSio pristine (black
trace) and after being pelletized at 2000 psi, used in electrochemical oxidation experiments, and
left in air for ~10 months (red trace).
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 3

Experimental Methods.

Materials. All commercial chemicals were used as received unless stated otherwise.
Germanium powder (99.99%, Sigma Aldrich), sublimed sulfur powder (99%, Strem),
tetramethylammonium hydroxide pentahydrate (95%, Oakwood Chemical), iron(II) chloride
(anhydrous, Strem), zinc(II) nitrate hexahydrate (98%, Sigma Aldrich), hexanes (98.5%, Fisher
Chemical), toluene (99.5%, Fisher Chemical), chloroform (99.9%, Fisher Chemical),
tetrahydrofuran (99.9%, Oakwood Chemical), dichloromethane (99.5%, Fisher Chemical), tert-
butanol (99%, J.T. Baker), 2-propanol (99%, Fisher Scientific), n-propanol (Macron Chemicals,
99%), acetone (99.5%, Fisher Chemical), ethanol ((200 proof, Decon Labs), methanol (99.8%,
Fisher Chemical), formamide (Fisher Chemical, 99.5%), 1,2-dichlorobenzene (99%, Fisher
Scientific) and nanopure water (Thermo Scientific, Barnstead Nanopure). Solvothermal
syntheses were conducted in autoclave PAAR bombs in Yamato Convection oven unless stated
otherwise.

Characterization. Sample purity and crystallinity was verified by powder X-ray
diffraction (PXRD) with a Bruker D2 Phaser benchtop diffractometer.

Dry Pressed pellet conductivity measurements. Pressed pellets were prepared by
compressing ~30 mg of powders in a modified KBr pellet press die set with a hydraulic press at
500 psi for 30 minutes. The pellet press die set was modified with tinned copper wires affixed to
both sides with silver paint and epoxy. Electrical contacts were made by pressing a pellet with
the modified die set comprised of stainless-steel circular ends serving as two electrode contacts.

Direct-current (DC) conductivities were determined from the slopes of current-voltage (I-V)
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curves collected with a GAMRY Instruments Interface S000E potentiostat, along with the
electrode area (0.402 cm?) and pellet thickness, according to the equation below (where C is the

slope of the most linear portion of the I-V curve and m is the pellet thickness):

bC C*m
7°0.402

The associated error for conductivity measurements was found by compounding errors
from both the pellet dimensions (m and the electrode area) and the linear regression analysis
used to find C, using the following equation [where Am is the error associated with the pellet
thickness (0.002 cm, from the precision of the digital calipers utilized) Aa is the error associated
with the electrode area (0.0045 cm?) and AC is the error associated with the linear regression

performed to obtain the slope:

Aa
0.402

ADC, =DCU(A—m+ +E)

m C
Unless specified otherwise, samples were swept voltammetrically at 2 mV/s between —0.2/(-0.1)
and 0.1 V vs OCP compressed by a C-clamp. Temperature-dependent measurements were
conducted in a similar fashion with samples kept at fixed temperatures in a Yamato Convection
oven.

Dry pressed pellet EIS measurements. Using a setup identical to the pressed pellet
conductivity measurements, AC measurements were run with a DC voltage of 0 V vs. OCP with
an AC amplitude of 50 mV and 300 mV for TMAzFeGesS10 and TMA2ZnGesS1o respectively,
from 2 MHz to 0.1 Hz.

Solvent dependent pressed pellet EIS measurements (TMA:FeGesS10). Using a setup

identical to the pressed pellet conductivity measurements, AC measurements were run with a DC

voltage of 0 V vs. OCP from 2 MHz to 0.1 (0.01) Hz after the addition of 10 pL of a solvent. An
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AC voltage of 50 mV was employed for CH>Cl,, IPA, n-propanol, and EtOH; and 10 mV was
the AC voltage for MeOH and deionized water. OCP was allowed to stabilize before beginning
measurements.

Solvent dependent pressed pellet EIS measurements (TMA>ZnGesS10). Using a setup
identical to the pressed pellet conductivity measurements, AC measurements were run with a DC
voltage of 0 V vs. OCP from 2 MHz to 0.1 Hz after the addition of 10 uL of a solvent. An AC
voltage of 50 mV was employed for CH>Cl,, IPA, n-propanol, EtOH, MeOH and deionized

water. OCP was allowed to stabilize before beginning measurements.
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Synthetic Procedures.

TMA4GesS10. Following a procedure outlined in our previous report,1 germanium
powder (1 g, 13.76 mmol), sulfur powder (1.77 g, 6.88 mmol), and water (7.44 g, 412.8 mmol)
were added to a Teflon Parr bomb. While slowly stirring this mixture with a glass rod,
tetramethyl ammonium hydroxide pentahydrate (4.99 g, 27.5 mmol) was added and then the Parr
bomb was sealed and placed in a fixed-temperature oven at 150 °C for 15h. The resulting yellow
solution was vacuum filtered to remove unreacted germanium and then ~500 ml of acetone was
added to induce precipitation of a white solid. The white powder was washed with acetone (20
ml x3), hot toluene (20 ml x3), and hexanes (20 ml x3), then dried overnight under dynamic
vacuum to afford an off- white powder. The resulting product was stored under ambient

conditions.

Experimental

Intensity (a.u.)

Sim. TMA Ge,S,

LI N B I N B N B I B B B N I Y N B B B B N B B

10 15 20 25 30 35
26 (°)

Figure B.1 Experimental (red trace) and simulated (black trace) powder X-ray diffraction patterns
of TMA4GesSio.

All procedures were followed as outlined in our previous report.'?3
TMA:FeGesS10. Anhydrous iron(II) chloride (0.050 g, 0.40 mmol) and TMA4GesSio
(0.18 g, 0.20 mmol) were dissolved in 4 ml and 8 ml of N»-sparged DI water, respectively under

positive nitrogen atmosphere. The iron solution was added dropwise to the TMA4GesS1o solution
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over the course of ~2 minutes. The solution was allowed to react at room temperature for ~12h.
The bright-orange solid was washed with sparged DI water (15 ml x 2), ethanol (15 ml % 2), and
hexanes (15 ml x 2) sequentially. Then, the solid was dried with a stream of nitrogen and stored
under positive N> atmosphere.

TMA2ZnGe4S10. Zinc(ID) nitrate hexahydrate (0.12 g, 0.40 mmol) and TMA4GesSio
(0.18 g, 0.20 mmol) were dissolved in 4 and 8 ml of DI water, respectively. The zinc solution
was added dropwise to the TMA4GesS1o solution over the course of ~2 minutes. The resulting
solution was left to react at room temperature for ~12h. The white solid was washed with DI
water (15 ml x 3) and then dried in a fixed temperature oven at 150 °C for ~12 h. The resulting

material was stored under ambient conditions.

TMA,ZnGe,S,,
h TMA, FeGe,S, |
A A e o
L ==
0 15

Intensity (a.u.)
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Figure B.2 Experimental powder X-ray diffraction patterns for TMA>2MGesS10 (M: Fe and Zn)
compared against a simulated pattern of TMA2FeGesSio.
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DC Electrochemical Analyses.

Diffusion coefficients were obtained by plotting the current from chronoamperometry
experiments vs. the sqrt(t) and utilizing the equation below (where n is number of electrons (1), F
is Faraday’s constant, Dy is the diffusion coefficient, Co is the concentration of TMA™*, and A
(0.402 cm?) is the area of the electrode). The concentration of TMA™ was calculated given the
crystal structure for TMA>FeGesSio.78

. nFAD()CO
i(t) = T1/2¢1/2

a) b)
Zn Dry ] Zn
-8 10 yL Water
k! e
5 5
= £ -6
3 = T
®) (®) ]
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Figure B.3 Cottrell plots for the current transients obtained at -0.2V of a pressed pellet of
TMA>ZnGesS10 before a) and after b) the addition of 10 puL of deionized water. The dotted trace
fits are used to obtain diffusion coefficients.
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Figure B.4 Cottrell plots for the current transients obtained at -0.2V of a pressed pellet of
TMAFeGesSio after the addition of 10 pL of deionized water. The dotted trace fits are used to

obtain diffusion coefficients.
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Figure B.5 Steady-state current values vs. applied potential derived from chronoamperometry
experiments for pressed pellets of TMA2FeGesS10 before a) and after b) the addition of 10uL of
deionized water and pressed pellets of TMA2ZnGesS1o before ¢) and after the addition of 10pL of
deionized water d). Arrows denote the direction of potential scanned. Conductivity values are
displayed and calculated from the slope of the return scan.
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Figure B.6 1-V curves measured for pressed-pellets of TMA>FeGesS1o scanned at 2mV/s subjected
to various conditions: Dry a), CHCI3 b), CH2Cl> ¢), THF d), t-butanol e), IPA f), n-propanol g),
acetone h), EtOH 1), MeOH j) EtOH:Water mixtures [8:2 k), 7:3 1), 6:4 m), 3:7 n), 2:8 0)],
deionized water p), and formamide q).
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Figure B.7 1-V curves for pressed pellets of TMA2ZnGesS10 scanned at 2mV/s subjected to various
conditions: Dry a), hexanes b), toluene c¢), CHCI; d), THF e), CH>Cl; f), t-butanol g), acetone h),
IPA 1), n-propanol j), EtOH k), MeOH n) EtOH:Water mixtures [9:1 1). 8:2 m), 7:3 o), 6:4 p), 5:5
q), 4:6 (1), 3:7 s), 2:8 t), 1:9 u)], deionized water v), and formamide w).
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Figure B.8 Solvent-dependent DC conductivity values of TMA>FeGesSi0 a) and TMA>2ZnGesS10
b) pressed-pellets obtained from linear fits to I-V curves swept voltammetrically between —0.2 V
and 0.2 V. The conductivity values are plotted vs. solvent size.
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Electrochemical Impedance Analysis.
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Figure B.9 Nyquist plots of TMA2ZnGesS1o pressed pellets after addition of IPA a), MeOH b),
and EtOH c). Black traces represent fits to the equivalent circuit diagrams shown in the figure area.
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Figure B.10 Nyquist plots of TMA>ZnGesS1o pressed-pellets focused on the high frequency
domain after addition of EtOH a), MeOH b), n-propanol ¢), IPA d), CH>Cl; e), deionized water f),
and dry g). Black traces represent fits to the displayed equivalent circuit diagrams and emphasize

the effect of replacing a CPE for a Warburg element.
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Figure B.11 Nyquist plots of TMA>FeGesS10 pressed pellets after addition of MeOH a), EtOH b),
and IPA c). Black traces represent fits to the equivalent circuit diagrams shown in the figure area.
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Figure B.12 Nyquist plots of TMA>ZnGe4S1o pressed pellets after addition of deionized water a),
and a 0.1M TMABTr aqueous solution b). Black traces represent fits to the equivalent circuit
diagram shown in the figure area.
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Figure B.13 Arrhenius plots for the low a) and high b) frequency x-intercept resistances from
temperature-dependent EIS performed on pressed pellets of TMA2ZnGesSio after formamide

treatment c).
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Solvent Circuit Element Fitted Value Error (%) Solvent Circuit Element Fitted Valuse Error (%)
n-propanol Buk Q 0.039nS.S" 1.16
n
Chemical Q 19uSS8" 3.65
n 0.31 424
lonic Resistance 87k 2.54 Water Buk Q 0.074 nS.S" 7.99
Electronic Resistance 395kQ 2.54 n 1 ez
Coupling Q 0.12 pS.8" 35 Chemical Q 77 pS.S" 2.31
n 03 0.96 n 04 1.45
PA Buk Q 0.025nS.S" 1.32 lonic Resistance 1.3kQ 1.39
n 099 0.089 Electronic Resistance N/A N/A
Chemical Q 16 pS.S 4.74 Coupling Q 33,8.5" 43
n 027 5.95 n 0.15 3.17
lonic Resistance 12 kO 0.84 Contact Resistance 2000 0.4
Electronic Resistance 0.092 MO 4.63
DCM Buk Q 0.042 nS.S" 1.16
Coupling Q 27nS.8" 5.2 n 0.96 0.08
n 037 1.09
Chemical Q N/A N/A
MeOH Buk Q 0.063nS.S" 2.07 n NAA N/A
n 095 0.14
lonic Resistance N/A N/A
Chemical Q 39uS8" 5.74 _ -
n 0.32 6.5 Elecironic Resistance 449 kQ 0.86
o - Coupling Q 82nsSS" 26
lonic Resistance 42 kO 1.16 n 0.29 086
Blectronic Resistance 145 kO 3.07
Coupling Q 0.35 pS.8" 35 Dry Buk Q 0.036 nS.S" 1.3
n 03 0.9 n 097 0.09
EtOH Buk Q 0.032nS.S" 2.15 Chemical Q N/A N/A
n 097 0.14 n N/A N/A
Chemical Q 12uS8" 2103 lonic Resistance N/A N/A
n 025 2.22 Electronic Resistance 1.13 MQ 0.93
lonic Resistance 44 kO 1.12 Coupling Q 7.8nS.S" 6.5
Bectronic Resistance 240 kO 27 n 0.37 1.7
Coupling Q 11 nSS" 2.97
n 054 0.38

Table B.1 Equivalent circuit fit parameters and their associated percent error for pressed pellet
EIS performed on TMA2FeGesSio.
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Solvent Circuit Element Fitted Value Error (%) Solvent Circuit Element Fitted Value Error (%)
n-propanol Buk Q 0022nS.5" 1.89 DcMm Buk Q 0.020nS.5" 25
n 1 0.12 n 0gs 0.18
Chemicl Q 32us.s" a7 Chemical Q NIA NiA
n 08 397 n NA NA
lonic Resistance I3 1.12 lonic Resistance 31 M 33
ElectronicResistance 32ZMn 81 Electonic Resistance NA NA
Coupling @ 84n5.5 389 Coupling Q 43n55" 87
n 0.48 0.66 n 045 s
IPA Buk Q 002 nS.5" 12 Water Buk Q 0.051 nS.5" 5./
n 1 0.09 n 1 D.36
Chemiz| Q 24us5" 429 Chemical Q 20uSs" 1.4
n 0.52 432 n 071 0.48
- . lonic Resistance 1.1k02 u.74
lonic Resistance Sesk0y i Electonic Resistance s6k0 0.97
ElectronicResistance 593 M0 87 Coupling @ 0.48 uS S -
Coupling @ 22m8% 41 e e e
n 0.55 0e Contsct Resistance 150 1 36
MeOH Buk Q 0031 nS.5" 32
n 058 0.21 w/ TMABr Buk Q NIA NiA
n NA MNiA
Chemiz| Q Tuss 353 .
n 082 28 Chemical Q A a»?.S" 1
lonic Resistance 55k 129 loric Reistance 190 O 10632
Electronic Resistance 1.023 MY 52 Electonic Resistance 82k0 093
Coupling @ 22nS558" B Coupling Q@ 0.32usSS5" s
n 0.48 0.84 n 0.5 13
EtoH Buk Q 0021 nS.5" 235
n 1 016 Dry Buk Q 0.028 n5.5" oE
n 1 iR
Chemizl Q 3us.s 386 .
n 0.58 208 Chemical Q 0. 13()[;5.3" 224
lonic Resistance 192k02 13 " - .
Electronic Resistance 1.84 MOY 375 lonic Resistance 40 Mo 027
Coupling @ 11 nS.5 399 Electronic R'E istance N/A NA
n 05 082 Coupling Q 28nS55" 87
n 048 044

Table B.2 Equivalent circuit fit parameters and their associated percent error for pressed pellet

EIS performed on TMA2ZnGesSio.
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Temperature Dependent DC Conductivity.
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Figure B.14 1-V curves for pressed pellets of TMA>FeGesS1o scanned at 2mV/s from 30 - 65 °C
before a) and after b) the addition of ortho-dichlorobenzene. Arrhenius fits (dotted traces) provide
electronic conduction activation barriers for dry (blue) and ortho-dichlorobenzene (red).
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Figure B.15 1-V curves for pressed pellets of TMAxFeGesS1o scanned at 2mV/s from 30 - 60 °C
before a) and after b) the addition of formamide. Arrhenius fits (dotted traces) provide electronic
conduction activation barriers for dry (blue) and formamide (red).
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APPENDIX C: SUPPLEMENTARY INFORMATION FOR CHAPTER 4

Experimental Methods.

Materials. All commercial chemicals were used as received unless stated otherwise.
Iron(Il) sulfate heptahydrate (ACS grade, Fisher Chemical), iron(Il) chloride (anhydrous, Strem),
potassium thiocyanate (ACS grade, Fisher Chemical), potassium selenocyanate (99%, Thermo
Scientific Chemicals), pyrazine (99%, Sigma Aldrich), 4,4’-Bipyridine (98%, Fisher Chemical),
tetrabutylammonium hexafluorophosphate (recrystallized x3 from EtOH) (99%, Fisher
Chemical), tetrabutylammonium tetrafluoroborate (recrystallized %3 from MeOH/water
mixtures) (99%, Fisher Chemical), tetrabutylammonium nitrate (98%, Fisher Scientific),
ferrocenium tetrafluoroborate (technical grade, Sigma Aldrich), Diethyl ether (99%, Fisher
Chemical), tetrahydrofuran (99.9%, Oakwood Chemical), N.N-Dimethylformamide (ACS grade,
Fisher Chemical), dichloromethane (99.5%, Fisher Chemical), tert-butanol (99%, J.T. Baker), n-
propanol (Macron Chemicals, 99%), acetone (99.5%, Fisher Chemical), ethanol ((200 proof,
Decon Labs), methanol (99.8%, Fisher Chemical), Scientific) and nanopure water (Thermo
Scientific, Barnstead Nanopure).

Characterization. Sample purity and crystallinity was verified by powder X-ray
diffraction (PXRD) with a Bruker D2 Phaser benchtop diffractometer. Transmission electron
microscope (TEM) images were collected with a FEI Tecnai by drop casting concentrated
suspensions of nanosheet methanolic solutions onto carbon coated copper TEM grids, then
drying in air. Solution state UV-Vis was collected on a Agilent Cary 5000 spectrophotometer
and DR UV-Vis-NIR was collected on the same instrument with a Harrick Scientific Praying

Mantis Diffuse Reflection (DRP) accessory. Reflectance samples were diluted and the
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instrument was baselined with barium sulfate. Infrared Spectroscopy was collected with a Bruker
Alpha II compact IR with an ATR attachment.

S’Fe Mossbauer Spectroscopy. All samples were characterized by a SEE Co. >’Fe
Mossbauer spectrometer equipped with a Janis SVT-400 cryostat. The samples were prepared
under a nitrogen atmosphere by placing up to 30 mg of fine powder in a 14.5 mm Teflon cup
with a Teflon plunger pressed into the cup to hold the sample. Data were collected until the
signal-to-noise was deemed sufficient for meaningful analysis. This was dependent on the
amount of sample loaded and the intensity of the source but was typically longer than 1 week.
Samples were maintained under a nitrogen atmosphere for the duration of the experiment.
Calibration of the instrument was performed using a standard iron sample provided by SEE Co.

4214 written by

The data were analyzed using the Mssbauer spectral analysis software WMOSS
Tom Kent and recently developed by Ion Prisecaru. The raw data were folded and calibrated
using the iron standard supplied to us. The folded data were then fit to an appropriate model. We
used two models to fit the data for this paper: the first is used for a pair of quadrupole doublets,
and the second model is for a single quadrupole doublet. We used these models to refine the
relevant parameters such as the shift of the quadrupole peak and the relative area of the peaks.
Chemical Oxidation of Fe-SCN-pyz with FeBF4. Under inert N> atmosphere, the
ferrocenium tetrafluoroborate stock solution was made by dissolving 0.070 g of ferrocenium
tetrafluoroborate in 15 mL of THF and left to stir overnight. Under inert N> atmosphere, 0.0318
g of Fe-SCN-pyz powder was exfoliated in 20 ml of MeOH via ultrasonication. To 4 vials 4 ml

of the Fe-SCN-pyz stock solution were added and 112, 280, 560, and 896 pL was added to each

vial respectively (0.1 — 0.8 eq.). The solutions were left to stir for 48 hours. The resulting
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solutions were dried down under dynamic vacuum and washed by ultrasonication with 10 ml of
hexanes.

SpectroElectrochemistry of Suspensions of Fe-SCN-pyz. Under an inert N>
atmosphere, in a typical experiment 25 mg of Fe-SCN-pyz was exfoliated in 25 ml of MeOH via
ultrasonication. 1 ml of this solution was added to a vial and dried down under dynamic vacuum
and resuspended in 8 ml of MeCN along with 310 mg of TBAPFs (recrystallized %3 from EtOH).
From this solution 4 ml was added into an quartz cuvette along with a platinum mesh working
electrode, a platinum wire counter electrode, and a silver pseudoreference electrode. Under an N
atmosphere, in a ThorLabs cuvette holder with multimode step index fiber optic patch cables
connected to a Agilent Cary 5000 spectrophotometer, UV-Vis spectra between 350-700nm were
collected every 2 minutes as a potential is applied to the cuvette solution by a GAMRY

Instruments Interface S000E potentiostat.
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Synthetic Procedures.

Fe(SCN)2(pyz)2. Following reported synthetic procedures,'® 277.7 mg of FeSO4.7H,0,
160 mg of pyrazine, and 194 mg of KSCN are dissolved in 5 ml of DI water respectively. While
stirring the FeSO4 solution the KSCN solution is added drop-wise, followed by drop-wise
addition of pyrazine. The solution was allowed to stir for 24h at RT. The resulting bright orange
product was washed with water (15 ml x2), EtOH (15 ml x1), and diethyl ether (15 ml x1). The
product was dried overnight at RT under dynamic vacuum.

Fe(SeCN)2(pyz)2. 277.7 mg of FeSO4.7H20, 160 mg of pyrazine, and 288 mg of KSCN
are dissolved in 5 ml of DI water respectively. While stirring the FeSO4 solution the KSeCN
solution is added drop-wise, followed by drop-wise addition of pyrazine. The solution was
allowed to stir for 24h at RT. The resulting bright orange product was washed with
water (15 ml x2), EtOH (15 ml x1), and diethyl ether (15 ml x1). The product was dried

overnight at RT under dynamic vacuum.

Fe-SeCN-pyz

’g N Experimental
>
‘@
C
g
£

’\J Sim.

A M P Ty | A
T T T T T T T T T T T T T T T
10 20 30 40
26 (°)

Figure C.1 Experimental (red trace) and simulated (black trace) powder X-ray diffraction patterns
of Fe(SeCN)2(pyz)2.
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Fe(SCN)2(4,4’-Bipyridine),. Following reported synthetic procedures,??>?2¢ 277.7 mg of
FeS04.7H>0, 306 mg of 4,4’-Bipyridine, and 194 mg of KSCN are dissolved in 5 ml of DI water
respectively. While stirring the FeSO4 solution the KSCN solution is added drop-wise, followed
by drop-wise addition of 4,4’-Bipyridine. The solution was allowed to stir for 24h at RT. The
resulting bright orange product was washed with water (15 ml x2), EtOH (15 ml x1), and diethyl

ether (15 ml x1). The product was dried overnight at 120 °C under dynamic vacuum.

Fe-SCN-4,4bipipy

Intensity (a.u.)

NN Y

10 20 25 30 35
20 ()

Figure C.2 Experimental (red trace) and simulated (black trace) powder X-ray diffraction patterns
of desolvated Fe(SCN)»(4,4’-Bipyridine)s.

227100 mg of anhydrous

Fe(Cl)2(pyz):. Following reported synthetic procedures,
chloride and 705 mg of pyrazine are dissolved in 4 and 1 ml of EtOH respectively. While stirring
the FeCl, solution, the pyrazine solution is added drop-wise. The solution was allowed to stir for
24h at RT. The resulting bright red product was washed with EtOH (15 ml x1), and diethyl ether
(15 ml x1). The product was dried overnight at RT under dynamic vacuum. A Rietveld
refinement of the powder X-ray diffraction pattern obtained was performed on the product, using

the known pattern from Ni(Cl).(pyz)».>*®
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Figure C.3 Experimental (red trace) and simulated (black trace) powder X-ray diffraction patterns
of Fe(Cl)2(pyz).. The simulated pattern is the result of a Rietveld refinement from the known
crystal structure of Ni(Cl)2(pyz)2.
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Solution State and DR UV-Vis-NIR.
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Figure C.4 UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets suspended in MeOH, MeCN,
and THF under inert N, atmosphere.
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Figure C.5 DR UV-Vis spectrum of bulk and nanosheets of Fe-SCN-pyz under inert N>
atmosphere.
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Figure C.6 DR UV-Vis spectrum of bulk Fe-SCN-pyz and nanosheets after 2 months of
atmospheric exposure.
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TEM Analysis.

500 nm

Figure C.7 TEM images of bulk Fe-SCN-pyz prepared by drop-casting 10 mg/ml methanolic
solutions onto TEM grids.

Figure C.8 a), b) TEM images of Fe-SCN-pyz nanosheets after 2 month of atmospheric exposure
prepared by drop-casting 10 mg/ml methanolic solutions onto TEM grids. a) Moiré pattern of slip
stacked nanosheets.
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SpectroElectrochemistry.
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Figure C.9 Cyclic voltammetry of a solution of suspended Fe-SCN-pyz nanosheets in a 3
electrode cell with 0.1M TBAPFg as the supporting electrolyte, scanned at 10 mV/s.
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Figure C.10 UV-Vis spectrum of exfoliated Fe-SCN-pyz nanosheets suspended in a 0.1M

TBAPF¢ MeCN solution as a) 700mV vs. Ag, b) 100 mV vs. Ag, and ¢) 700 mV vs. Ag is applied

with a platinum mesh working electrode, platinum wire counter electrode, and silver wire

pseudoreference.
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Figure C.11 a) Concentration dependence of electrochemically oxidized Fe-SCN-pyz nanosheets
suspended in MeCN. b) Absorption at ~500nm as a function of concentration.
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S"Fe Mossbauer Spectroscopy.
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Figure C.12 Room-temperature Mossbauer spectrum of a) bulk Fe-SCN-pyz and b) Fe-SCN-
pyz nanosheets after 2 months of air exposure.
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Chemical Oxidation of Fe-SCN-pyz.
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Figure C.13 a) UV-Vis spectrum of a Fe-SCN-pyz nanosheets subjected to ferrocenium oxidation
(0 — 0.8 eq.) suspended in MeOH b) UV-Vis spectrum of 0.8 eq. ferrocenium oxidized sample as

TBABF, is added to the solution.
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Electrolyte Titration to Atmospherically Oxidized Fe-SCN-pyz Solutions.
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Figure C.14 a) UV-Vis spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets suspended
in MeCN as a) TBANO; b) TBAPFs is titrated in.
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Figure C.15 a) FTIR full spectrum of atmospherically oxidized Fe-SCN-pyz nanosheets and bulk
Fe-SCN-pyz b) FTIR spectrum highlighting C-N region for bulk Fe-SCN-pyz and oxidized Fe-
SCN-pyz nanosheets pre and post addition of large excess of TBANO3, TBAPFs, and TBABF4.
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