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Major Professor: Maria Kamenetska, Assistant Professor of Physics and Chemistry
ABSTRACT

Increasing the degrees of freedom in molecule-metal junctions presents new
opportunities for expanded functionality in molecular circuits and could pave the way to
next generation electronics integrating single molecules as active components. For
example, molecular junctions with spin degrees of freedom have been explored as a
materials platform for Quantum Information Science (QIS). In this thesis, | present
experimental and computational investigations of how incorporating transition metal atoms
(Chapter 1), new oxygen-based linker groups (Chapter 2) and radical backbone elements
(Chapter 3) into molecular junctions can expand the range of observable phenomena in
molecular circuits.

In Chapter 1, | present a collaborative investigation of the nature of group 8
metallocenes, which can be prepared with a range of transition metal atoms at the center of
the molecule, in molecular junctions formed at both cryogenic and room temperature. We
characterize the direct gold-n bonds between the molecule and the metal electrodes and
their effect on molecular conductance during molecular junction evolution. Analysis of the
junction persistence as well as conductance fluctuations reveals these metal containing

“barrel-shaped” molecules preferentially bind to dull atomic electrode tips through van der
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Waals interactions. We support our measurements by modeling different binding motifs
within density functional theory (DFT). Interestingly, our study finds that for closed-shell
metallocenes, the electrode-molecule interface and environmental conditions have by far
larger influence on electron transport than the identity of the metal atom in the molecular
backbone.

In Chapter 2, I report single molecule conductance measurements with a new
phenol-based linker group involving the formation of a direct, single O-Au bond to anchor
the molecule to the electrode. We find that deprotonation of the phenol is necessary for
molecule-metal binding, enabling pH control of junction formation. The activation of
metal-phenol binding through deprotonation is supported with DFT calculations that model
the binding interaction before and after deprotonation. We determine that transport through
phenol systems is mediated by the molecular HOMO orbital. Accurate quantitative
predictions of the electron transport properties of phenol-based linkers require higher levels
of corrections to DFT which underestimates the HOMO-LUMO gap, unless supplemented
by DFT+X methodology. Crucially, our study establishes principles for achieving pH
control of the metal-molecule interface for the molecular electronics community.

Last, | demonstrate experimentally and from first principles, the unique transport
properties of a family of quinoidal cyclic aromatic hydrocarbons with intermediate
diradical character. These molecules exhibit “anti-ohmic” conductance, with the longer
molecules having greater single molecule conductance than shorter ones. This behavior is
atypical of quantum tunneling commonly observed in molecular junctions. Unlike prior

examples of diradicals in molecular junctions, these compounds do not require oxidation
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or complex environments. We accurately model the electronic and conductance properties
of these molecules by developing a modification to the 1D Su-Schrieffer-Heeger (SSH)
model for cyclic quinoidal molecules with accurate experiment-based parameterization.
The 1D SSH model suggests that the anti-ohmic behavior is typical of intermediate
diradical molecules and predicts anti-ohmic trends across a broad range of molecular length
regimes. Our work suggests the search for long range high conducting molecular wires
should focus on molecules with neutral intermediate diradical character that have the

increased benefit of stability, diversity, and experimental accessibility.



TABLE OF CONTENTS

DEDICATION. L.ttt e e nnn e neennnens 1\
ACKNOWLEDGMENTS ...t %
ABSTRACT .ttt re e vii
TABLE OF CONTENTS ... X
LIST OF TABLES. ... Xiii
LIST OF FIGURES ... .ot e Xiv
LIST OF ABBREVIATIONS ... XXI
CHAPTER 1 INtrOGUCTION. ...ttt 1
1.1 IMIOTIVALION. ...ttt 1
1.2 Scanning Tunneling Microscope Break Junction (STMBJ) Technique.................... 3
1.3 Fundamentals of EIectron TranSport...........ccccoveiiiie e 6
1.4 Anatomy of a Molecular JUNCLION ..........cccooviiieiiic e 8
1.4.1 Molecule BACKDONE ..o 9
1.4.2 LINKEE GIOUP....iitieitieieitie ittt sttt sttt sttt et taete s e sbaeaeaneesraeneenne e 11
143 EIBCIIOUBS. ...ttt 12

1.5 THeSIS OULIING ... e 13

CHAPTER 2 Formation and evolution of metallocene single molecule circuits with direct

GOIA-TE TINKS ..ttt bbbt bt 15
2.1 INEFOUUCTION ...ttt bbbt 15
2.3 EXperimental SECHION ........ccoiiieiiect e 18

2.2.1 Molecular Deposition and Measurements in Cryogenic Conditions............... 18



2.2.2 Room Temperature Break Junction Measurements.............cccoevevvevvesvesieannenns 20

2.2.3 Data ANAIYSIS ....cuviiiiiieeie ettt 21
2.2.4 Data Filtering Details and ANalysiS ........cccccveveiieiieie e 22
2.2.5 Density Functional Theory Calculations ...........ccccceveviieiieiesieese e 24
2.3 RESUILS AN DISCUSSION .....veuviuieiiiiieiieii sttt 25
2.3.1 Experimental MeasUIeMEeNTS..........cccveueiieiieieceesie et 25
2.3.2 DFT CalCUIALIONS ...ttt 38
2.3.3 DISCUSSION ...ttt bbbt et 48
2.4 CONCIUSION ...ttt 52

] (010 )OSR P PSSR 54
B.L INEFOAUCTION ...ttt b 54
B2 MEENOMS ...t 56

3.2.1 Break Junction MeaSUIEMENTS .........ccueviiierieiiie et 56
3.2.2 Theoretical CalCulations ............ccciiriiiiiiiic e 58
3.3 RESUILS AN DISCUSSION ....veveueiiiiieieeiiste ettt 62
3.3.1 Experimental MeasUIEMENTS..........cccveiueiieiieie ettt 62
3.3.2 Theoretical CalCulations ..............cooviiiiiiiie s 72
34 CONCIUSIONS. ...ttt bbbttt 77

CHAPTER 4 Topological Insulator Single Molecule Junctions with Intermediate
Diradicals Result in Anti-onmic CONAUCIANCE ........cceviiieiiiiieiiee s 79

A1 INrOAUCTION ... 79

Xi



4.2 EXPerimental SECHION ......ccociiiie et 81

4.3 RESUILS @Nd DISCUSSION ......vviiiieiiiiiieeieiesi ettt 83
4.3 CONCIUSTONS. ....vititciestet ettt ettt 89
BIBLIOGRAPHY ...t 91
List of Journal ADDreVIiations ... 91
RETEIEINCES ...ttt 93
CURRICULUM VITAE ...ttt 120

Xii



LIST OF TABLES
Table 2.1 Number of remaining push and pull traces for both ferrocene and ruthenocene
following each step in applying the filtering criteria. ........c.ccooeviieiiniiniieee 23
Table 2.2 Number of push and pull traces within each snapback bin range for both
ferrocene and FUtNENOCENE. .........coviiiiiiiieee e 31
Table 2.3 The calculated [HOMO and LUMO from] ionization potential (IP) and
electron affinity (EA) based on total energy differences. Frontier orbital energy
values from the SCF CalCUIAtIONS. ..........ccovveiiiiieiiee s 40
Table 3.1. Calculated gas phase correction, A1, used for DFT+X for NH.C1PhO,
NH2C2PhO", NH2C3PhO", and NH2C4PhO". The calculated HOMO energy levels
from lonization Potential calculations (Egomo) and the HOMO energy eigenvalue
from KS-DFT (egomo) are alsSo SHOWN........cviiieiiicicc e 60

Table 3.2. Calculated values for the image-charge correction term, A2, for NH2C1PhO",

NH2C2PhO", NH2C3PhO", and NH2C4PhO . ..ot 61
Table 3.3. Calculated total DFT+X correction (AX) from Al and A2. ......ccccoevvivvinnnnns 61
Table 3.4. Lorentzian Fitting parameters from the NEGF transmission spectra as well as

the DFT+ X corrected HOMO 1esonance energy (€5).....cooervereerrerieereeseesineseennens 73
Table 3.5. Morse Potential Fitting Parameters determined from Figure 3.8.A [well depth

(De), equilibrium bond length (Re), well width (2)].......cccooviriiiiiiiee 74
Table 3.6 Morse Potential fitting parameters obtained from Figure 3.9.......c.cccovvvvennnne 76

Xiii



LIST OF FIGURES

Figure 1.1 Single conductance traces of clean Au (orange) and an example molecule
[ ) SO PRSRPS 3
Figure 1.2. (A) Image of the ultra-high vacuum 4K STMBJ Createc setup with the tip
and substrate shown in the inset. (B) Image of the home-built ambient room
temperature STMBJ setup with the tip and substrate shown in the inset. .................. 4
Figure 1.3. (A) 1D conductance histograms of clean Au (orange) and the example
molecule (red). (B) 2D conductance versus displacement histogram of the example
[0 0] 1= T[S PRSTPR 6
Figure 1.4. (A) General molecular energy levels of a molecule before coupling to the
continuous energy bands of Au electrodes related to electron transport. (B)
Molecular junction energy levels, g; after coupling, given by T, to the continuous
energy bands of Au electrodes related to electron transport..........cccccvevvvvienenieseene. 7
Figure 1.5. Schematic representation of a single molecule junction in an electrical circuit
with a voltage source and ammEter...........ccviieiieiiiie i 8
Figure 2.1. (A) Structure of Group 8 metallocenes: ferrocene, ruthenocene, and
osmocene. Also shown is a ball-and-stick model of ferrocene with a constant charge
density contour color-coded to the electrostatic potential, indicating electron rich
(red) and electron deficient (blue) regions. (B) STM image and height profile (inset)
of sub-monolayer clusters of ferrocene deposited on Au(111) at 5 K. (C)
Conductance trace measured in the presence of ferrocene on the Au(111) surface
while pulling the tip out of contact with the surface and then pushing the tip back in
to contact. The snapback distance is calculated from the difference in the
displacement (grey) at the points when the tip breaks and reforms contact, as
indicated by the dashed arrOWS. ... 16
Figure 2.2 (A,C,E) 2D conductance vs displacement histograms of ferrocene pull traces
after each filtering criteria. (B,D,F) 2D conductance vs displacement histograms of

ferrocene push traces after each filtering criteria. (A,B) Entire dataset, (C,D) Traces

Xiv



lacking GO plateaus filtered out, (E,F) Traces without molecular plateaus filtered
(011 | ST PRSP RO PR PR 24
Figure 2.3. 2D conductance vs displacement for ferrocene (A) and ruthenocene (B) on
Au(111) constructed from pull traces (tip withdrawal). 2D conductance vs Au-Au
separation for ferrocene (C) and ruthenocene (D) on Au(111) constructed from push
traces (tip approach). The solid black lines are exponential fits to the clean Au pull
and push data in Figure 2.4 and indicate the average tunnelling current evolution on
clean gold. For conductance values corresponding to the most probable values in the
histograms (E), arrows indicate an extension beyond the Au separation for vacuum
tunnelling by 2 A in (A) and 5 A in (C). 1D conductance histograms constructed
with the push and pull traces separately for ferrocene (E) and ruthenocene (F).
Traces that do not exhibit a molecular plateau are filtered out in (E) and (F) only.. 26
Figure 2.4. 2D conductance vs displacement histograms of traces measured on clean Au
without any metallocene present. Measurements were taken during while pulling out
of contact (A) and pushing back into contact (B). .........ccccuvvrvriinieieieniene 27
Figure 2.5. Snapback distribution determined from the set of traces measured in the
presence of ferrocene that exhibit a molecular step signature or just tunneling
through vacuum. The red fit is generated by fitting a sum of 5 Gaussian distribution
functions. The numbers indicate the means of the normal distributions extracted
TrOM The FITEING. ..o.veeeeee e 29
Figure 2.6. Correlation histograms of snapback and 1 GO step length for both push and
pull traces in the presence of ferrocene. (A, B) Data set including tunneling and
single molecule signatures; (C, D) After filtering leaving only those traces with a
SINGIE MOIECUIE SIGNATUIE. ... 29
Figure 2.7. (A) Left: 1D conductance histogram of ferrocene push traces with snapback
values in the range from 0 to 2 A (gray), 2 to 5 A (blue), 5 to 8 A (black) and 8 to 12
A (red). Main panel: 2D conductance vs inter-electrode distance histogram of
ferrocene push traces with a snapback distance between 0 and 2 A and (B) between
2and 5 A, (C) between 5 and 8 A, and (D) between 8 and 12 A. ........coccvevevvnenene, 31

XV



Figure 2.8. (A) Left: 1D conductance histogram of clean Au push traces (orange) and the
ferrocene push traces filtered by snapback distance ranges of 0 to 2 A (gray) and 8 to
12 A (red). Main panel: 2D conductance vs inter-electrode distance histogram of
ferrocene push traces with a snapback distance between 0 and 2 A. (B) As in (A),
but with snapback distance between 8 and 12 A. Heavy dashed lines (black) in (A)
and (B) indicate the most probable conductance at each distance. Light dash lines
mark the half-sigma range around the most probable conductance from the 1D
histogram at left. (C) Five selected traces for each case (0 to 2 A, grey; 8 to 12 A,
=T ) TR SRS 32
Figure 2.9. (A) Left: 1D conductance histogram of ruthenocene push traces with
snapback values in the range from 0 to 2 A (gray) and 8 to 12 A (red). Main panel:
2D conductance vs inter-electrode distance histogram of ruthenocene push traces
with a snapback distance between 0 and 2 A and (B) between 8 and 12 A. Heavy
dashed line (black) indicates the most probable conductance at each distance. (C)
Five selected traces for each case (0to 2 A, grey; 8t0 12 A, red). ...ccovevvcvevcrrnne. 33
Figure 2.10. (A) 2D conductance vs inter-electrode distance histogram of ferrocene pull
traces with a snapback distance between 0 and 2 A and (B) Main panel: between 8
and 12 A. Right: 1D conductance histogram of ferrocene pull traces filtered by
snapback distance ranges of 0 to 2 A (gray) and 8 to 12 A (red). Heavy dashed line
(black) indicates the most probable conductance at each distance. (C) Five selected
traces for each case (0to 2 A, grey; 8 t0 12 A, red). ..ovovvveveveieeccceeceeeee e, 34
Figure 2.11. (A) 2D conductance vs inter-electrode distance histogram of ruthenocene
pull traces with a snapback distance between 0 and 2 A and (B) Main panel:
between 8 and 12 A. Right: 1D conductance histogram of ruthenocene pull traces
filtered by snapback distance ranges of 0 to 2 A (gray) and 8 to 12 A (red). Heavy
dashed line (black) indicates the most probable conductance at each distance. (C)
Five selected traces for each case (0 to 2 A, grey; 8 to 12 A, red). ..c.coovvveverrrennnn, 34
Figure 2.12. Correlation histogram of snapback versus molecular step length of ferrocene

PUSH aNd PUITEFACES. ....veeiei e e 35

XVi



Figure 2.13. Normalized 1D Histograms of the molecular push step length of ferrocene.

Figure 2.14. Pull 2D conductance versus tip displacement histograms present room
temperature STMBJ measurements of 1 mM ruthenocene (A) and osmocene (B)
dissolved to 1 mM in 1,4-trichlorobenzene (TCB) with Au electrodes. Conductance
traces were recorded pulling the Au tip out of contact with the Au sample.............. 37

Figure 2.15. Calculated frontier orbitals of gas phase ferrocene using FHI-aims with PBE
functional and tight basis leVel. ... 39

Figure 2.16. Calculated relaxed geometries for ferrocene bound to gold electrodes in
three distinct junction motifs at a tip separation corresponding to the potential
energy minimum and the corresponding charge transfer induced by bonding of the
ferrocene to the electrodes. (A, red) Ferrocene bound to sharp electrodes in a trans
geometry. (B, blue) Ferrocene bound to sharp electrodes in a cis geometry. (C,
green) Ferrocene bound to dull electrodes. Numbers report the net change in
Mulliken population in each indicated slice of the junction structure. ..................... 41

Figure 2.17. Calculated transmission spectrum for each of the three junction structures
illustrated in Figure 2.16: Sharp electrodes, trans (red); sharp electrodes, cis (blue);
and dull electrodes (green). Bottom: Isosurface plots of molecular orbitals for the
dominant eigenstates related to tranSMISSION..........ccooververeiiieseee e 43

Figure 2.18. (A) Binding energy calculated for ferrocene bound to sharp electrodes in
trans configuration (red), to sharp electrodes in cis configuration (blue) and to dull
electrodes (green) versus electrode separation as the electrodes are pushed together.
(B) Calculated transmission versus electrode separation for each junction structure
on the three trajectories shown in (A) and for a model of Au electrodes without
ferrocene (neon) as a reference. The structure of the clean Au junction is shown in
Figure 2.19. (C) Ball-and-stick figures showing junction structure for the numbered
snapshots from the trajectories IN (A). ... 45

Figure 2.19. Left (black): Calculated binding energy versus electrode separation for

ferrocene bound to Au electrodes at the iron atom. Representative junction structures

xvii



for the numbered points are shown below. Right: Calculated transmission for
ferrocene bound in the junction versus electrode separation, corresponding to the
trajectory shown at left. Also shown is the transmission calculated for Au electrodes
without a molecule present as a function of electrode separation (neon).
Representative junction structures for the numbered points in the latter case are
SNOWN DBIOW. ..o 47
Figure 3.1. (A) 1D conductance measurements of 4-hydroxybenzylamine in pH 7 (black)
and pH 12 (blue) aqueous conditions, as well as 4-hydroxybenzylamine in
trichlorobenzene (green). (B) 1D Conductance measurements of 4-
hydroxybenzylamine (blue), 4-hydroxybenzyl alcohol (red), and 4-aminobenzyl
alcohol (gray) in pH 12 aqueous CONAITIONS. .........ccceieriririninieee s 62
Figure 3.2. (A) Conductance histogram of 1 mM 1,4-benzenediamine in pH 7 H2O with
a wax coated Au tip (black), 1.5 mM 4-aminobenzylamine in TCB (maroon) and
NH2C1PhO" in pH 12 H20 (red). The structure of 4-aminobenzylamine is shown in
the inset. (B, C) Conductance vs. displacement histogram of 4-aminobenzylamine
and NH2C.PhO". The dashed vertical line emphasizes the similar persistence of the
two molecules with identical backbones but differing linkers.............cccccccvevveinennens 64
Figure 3.3. 1D conductance histograms and 2D conductance vs displacement histograms
of NH2C1PhO" (A, E), NH2C2PhO™ (B, F), NH2C3PhO™ (C, G) and NH2C4PhO™ (D,
H). The black line in (E-H) is the gaussian fit of each vertical slice in the 2D
histogram. The line cuts off after the amplitude of the Gaussian fit falls off by 85%
DEIOW the MaXIMUIM. ..ot et 66
Figure 3.4. Junction persistence lengths of NH>.C:PhO™ (red), NH2C2PhO" (blue),
NH2C3PhO" (green), and NH2C4PhO" (gray). The inset shows the calculated junction
formation fraction for each molecule............ccoooiiiiiii i 67
Figure 3.5. (A) Conductance histogram of NH>C1PhO" at different junction biases (B)
Conductance histogram of NH2C,PhO" at different junction biases. (C) Conductance
histogram of NH>C3sPhO" at different junction biases. (D) Conductance histogram of
NH2C4PhO™ at different jJunction DIASES. ........ccoeviiiiiiniiiieee e 69

Xviii



Figure 3.6. Conductance histograms of (A) NH2C:PhO", (B) NH2C.PhO", (C)
NH2C3PhO, and (D) NH2C4PhO" constructed from at least 5000 STMBJ traces
collected in aqueous pH 12 conditions with a wax-coated tip at 500 mV bias. ....... 70

Figure 3.7. (A) Comparison of the experimentally determined and DFT+X calculated
conductance values of NH2C,PhO™ (n=1-4) including the exponential fit for both and
the corresponding parameters. (B) DFT+X adjusted single level HOMO resonance
involved in transmission calculated at E-Er=0 eV (dashed black line) for
NH.CyPhO" (n=1-4). (B, inset) Initial transmission spectra calculated using NEGF.
(C-F) Visualization of the lowest energy geometries of NH2C,PhO™ (n=1-4) bound
to two Auss electrodes that are used for transmission calculations. ......................... 71

Figure 3.8 (A) Binding configuration of Auzs-NH>C>PhO". (B) Potential energy scan
against length of the Au-X (X=PhO", PhOH, CH.S", CH>SH, CH.O", CH,OH) bond,
with Au electrode modelled as Auss. The Au apex atom is bound to either O or S in
all cases. Data points were fit with Morse potential function, plotted as solid lines. 74

Figure 3.9 Potential Energy scan of the Au-S bond with molecules terminated by -
(CH2)2SH, -(CH2)2S", -PhSH, -PhS", and -PhSMe. Data points were fit with a Morse
Potential Fitting FUNCLION. ........coviiiee e 75

Figure 4.1 Resonance structures converting between the quinone, delocalized and
diradical form of the family of benzofused quinoids (BQn) where n=1-3 with
thioanisole HINKErs (TRA). ..o 81

Figure 4.2 (A) Single-molecule conductance histograms of BQn (n=1-3) in BNP at low
bias (-100 mV) in the top panel and high bias (-833 mV for BQ1-2 and -250 mV for
BQz3) in the bottom panel. (B) Single-molecule 2D conductance vs displacement
histograms of BQn (n=1-3) at low bias in the top three panels and high bias in the
bottom three panels. (C) Calculated conductance from gaussian fits to the peaks in
Figure 4.2.A for both low bias (black) and high bias (gray) with exponential fits
given by the dashed lINES. ..o s 84

Figure 4.3 (A) Current-Voltage histograms for BQn (n=1-3) from thousands of IV curves

taken while holding each molecule between two Au electrodes. Dotted lines

XiX



correspond to the linear grid lines and the white lines are calculated from the
average of gaussian fits of vertical slices of each histogram IV histogram. (B) Fits of
the conductance-voltage histograms derived from the current-voltage histograms for
N2, 3. ettt h et h et st ettt et et aebeete st enearenrs 84
Figure 4.4 (A) Description of the hopping terms (tz, t2, U1, Uz, C1, C2) describe by bond
order alternation parameter (0) used in the modified 1D SSH Hamiltonian. (B)
Graphical representation of the hopping terms t, t, uz, u2 and the calculated band
structure for n=1,2,3 molecules as a function of 8. (C) Transmission spectra near Ef
using NEGF from the 1D-SSH Hamiltonian for n=1,2,3 molecules at 6 = -1, 0, 1.
(D) Calculated transmission for n=1,2,3 molecules as a function of d. The region of
d where the molecules exhibit anti-ohmic conductance is shown in the shaded gray
=101 o] TR TSP SO P PP PRPRO 86

XX



LIST OF ABBREVIATIONS

B e ———————— Conductance Decay Constant
Bexpt -oeveveeerereiniiiiieieisisinie s Experimental Conductance Decay Constant
BDET 45 wevereeareesearennennes Density Functional Theory + Sigma Conductance Decay Constant
TP PP U UPTOPR PR Lorentzian Width
TP U SR TRAPR PRSI Coupling Term
o PRSPPSO Diradical Parameter
Dq oo Gas Phase Correction to Density Functional Theory
Dy oo Image Charge Correction to Density Functional Theory
AE i Total Density Functional Theory Plus Sigma Energy Correction
) eerveenreareereaseeare e te e e are e te e e aeeateenteaReeabe e teeRa e teereereeareereenreareenn Resonance Peak Position
5 eerreereere e st e e e sra e Density Functional Theory + Sigma Corrected Resonance Energy
EHOMOQ +++++rvereersessessessesseaeasensesiessessessesseeneens Energy of Highest Occupied Molecular Orbital
ettt Energy of a Molecular Energy Level
ELUMO ++eerverseessemssesseessemssssesssesssessesssesseenes Energy of Lowest Unoccupied Molecular Orbital
LGPPSR Zeta
o TP U TP UR TP UR PR PPPPRPROS Conductivity
D LU PPRPR One-Dimensional
2D ettt nnee s Two-Dimensional
X 5 PRSPPI Three-Dimensional
AABA ... 4-Aminobenzilamine
B ettt Angstrom



Bttt eeeee e e e e e e ——teeeeeeeeeee e —eeeeeeeeaaae——eeeeeeeeaaan————eaaeeaeaaaa——_ Width of Potential

s Cross-sectional Area
A et reanneanes Lorentzian Amplitude
o USSR Silver
AAUL R R et R b n et bt Gold
B . ittt e e e e beearee s Benzofused Quinones
OSSP TO TR U TP PS PR PSPPI Carbon
s € eereeateete et e e te e te et e s te et e e st e s ae e teeae e e te e teen b e e re e aeeteent e reeteaneenre s Fixed Hopping Parameters
CH e Methylene Group
CHoO s Deprotonated Alcohol Group
CH S e Thiolate
CH2OH ... Alcohol
CO2H . e Carboxylic Acid
O o OSSP Cyclopentadiene
{1 PRSP TRRURRTI Copper
D et e ettt et e e te e e rs Well Depth
DT s Density Functional Theory
DFETHZ et Density Functional Theory Plus Sigma
TP T R PR P UR PP OPPPRTPROPRN Elementary Charge
e e Energy
B A e Electron Affinity
BV ettt n e nne s Electron Volt



Egap e e HOMO-LUMO Energy Gap
TP Iron
TSSO ST U PSPPI Conductance
L PSPPSR Quantum Unit of Conductance
L e Current
L e lonization Potential
OSSPSR Current-Voltage
FUeee e Planck’s Constant
HOMO ...t Highest Occupied Molecular Orbital
JACS ..o Journal of the American Chemical Society
K b b h e E bR R bR R bbbttt Kelvin
KS-DFT i Kohn Sham Density Functional Theory
O ST TS TP U PTURUPURUPPPRPR Kilohm
L et — e e b et e e e ettt e et e e be st e aha e beeareate e beetearaenreenneareereans Length
PRSP Low Temperature
LUMO ... Lowest Unoccupied Molecular Orbital
TP R PR PP PP PTURPRPRPRPON Milli
NIV bbbt e bbb Millimole
NIV e h b bRt r e nn et Millivolt
ST USSP ST PP PP TPV PRTPRPROPPPIN Metal Atom
YO PR OURUPRTRPN Megaohm



MCBU ..o Mechanically Controlled Break Junction

MO e Molecular Orbital
T TSRS PR P PSP PP Number
N USSP Nitrogen
TS TSR T TS URPPTPURPRPPRPRN Number
NH e Amine
0] PR UR PP PP PSPPI Nanometer
NAOH ..o et re e Sodium Hydroxide
NEGF ..o e Nonequilibrium Greens Function
N H2C L et Methylamine
NH2C1PhO .o Deprotonated 4-Hydroxybenzylamine
NH2C1PROH ..o s 4-Hydroxybenzylamine
NH2CoPhO ... Deprotonated 4-(2-aminoethyl)phenol
NH2CoPNOH ..ot 4-(2-aminoethyl)phenol
NH2C3PhO ..o Deprotonated 4-(3-aminopropyl)phenol
NH2C3PNOH .....oooiiiiiic e 4-(3-aminopropyl)phenol
NH2C4PhO ..o Deprotonated 4-(4-aminobutyl)phenol
NH2CaPROH ..o s 4-(4-aminobutyl)phenol
T TSSO PP PP PRPRPRON Nickel
PRSP Oxygen
O ] ST TRPP Hydroxyl Group
O L TSSOSO PP TR PRPRPRPRPPPPO Osmium



PROH. .. ot Phenol
PIVIE2. e Dimethylphosphine
o S TP T USSR TP PP PSPPI Platinum
0T TP PP PP PSP PP Mulliken Charge
OSSR SPUSSRRSS Bond Length
TSSOSO TP PP TP PP PRPPPPRI Resistance
R et Contact Resistance
R e Equilibrium Bond Length
R e Room Temperature
RU e Ruthenium
T T PP TSP PP PR PR PPPPPRPP Siemen
S TSP TP RSP PP PR PR PP Sulfur
SAM L Self-Assembled Monolayer
R3] o ST PS ST SP Thiol
SV s Thiomethyl
SSH s Su-Schrieffer-Heeger
STMBU ..o Scanning Tunneling Microscope Break Junction
) B ettt Variable Hopping Parameters
T e Transmission Function of Single Channel
O T TSSOSO PP PP PR URPRPPRPIPO Total Transmission
TCB s 1,2,4-Trichlorobenzene

XXV



T A e et e e e e e e e —— Thioanisole

L P USSR Variable Hopping Parameters
UHV Lttt re e Ultra-High-Vacuum
RSOSSN Voltage
|74 € TR Morse Potential
[ 2T T TSP PP PP PSP Diradical Character
ettt s Position in Vertical Direction

XXVi



CHAPTER 1 Introduction
1.1 Motivation

With the realization in the middle of the 20™" century that silicon-based electronics
will likely reach their minimum size limits due to quantum effects, alternatives to silicon
were proposed. Aviram & Ratner suggested in 1974 that a molecule could behave like a
diode in a simple circuit, driving forward the possibility of molecular electronics as a viable
alternative for silicon.! Within two decades the first set of experimental measurements of
conductance of single molecules via the use of scanning tunneling microscopes was
reported with additional techniques such as mechanical break junctions introduced soon
after.>~® Since those first measurements, the number and types of molecules that have been
incorporated into single molecule circuits has widely grown. Nevertheless, a real-world
commercial single molecule based electronic has not been realized. On the other hand, the
study of single molecule electronics has led to developments in the fields of chemistry,
biology, and physics with gains in fundamental understanding of molecule-surface
interactions and advances in technologies such as quantum information science, nanoscale
sensing, and electron transport.

The multi-field impacts of single molecule conductance research is due to the
enormous diversity of molecules. This includes variations of molecular core structure
(backbone) or of terminal groups (linkers) which provide the ability to chemically bind/link
to the external metal electrodes to form the molecular circuit. For example, recent studies

have used single molecule conductance measurements to probe dative donor-acceptor



bonds to metal electrodes as well as van der Waals inter and intramolecular interactions
which are not easily studied in macroscale systems.’”™®

One of the largest drawbacks associated with single molecule electronics, is the low
conductivity of molecular systems. This phenomenon derives from the quantum nature of
electron transport at the sub-nanometer scale. A number of solutions have been proposed
and reported to overcome this drawback such as incorporating a metal atom or diradicals
into molecules.'®* Both approaches are hypothesized to provide additional conducting
channels within the molecule. Transition metal atom-containing molecules have d and f
electronic states leading to an increased density of electronic states and switching
functionality due to distinct redox states which can be accessed through environmental
control. Diradical containing molecules have additional nontrivial topological electronic
states which have been shown to be high conducting in some circumstances.

To further the development of the field of molecular electronics, it is critical to
understand how these degrees of freedom, such as new metal-molecular linking modalities
and atypical molecular backbones with additional electronic or spin states, contribute to
electron transport through single molecule circuits. This thesis presents three experimental
and computational investigations of electron transport phenomena in metal-containing
metallocenes molecules (Chapter 1), oxygen-linked molecular junctions (Chapter 2) and

neutral organic diradicaloids (Chapter 3).



1.2 Scanning Tunneling Microscope Break Junction (STMBJ) Technique

The scanning tunneling microscope break junction (STMBJ) is a technique based
on scanning tunneling microscopy that was modified to study the conductance of single
molecules bound to electrodes. The STMBJ involves repeatedly smashing and pulling apart
two metal electrodes (tip and substrate) which are connected to a voltage source. As the
electrodes are pulled apart and a sub nanometer junction is formed in the presence of
molecules, a molecule can bind to the tip and substrate electrodes, creating a single
molecule circuit. The electrode position is maintained using a piezoelectric positioner with
the voltage (V) and current (1) measured across the junction using a voltmeter and ammeter

respectively. This allows for the conductance (G), the inverse of resistance (R):

= I
v
to be determined as the electrode displacement is monitored to create an individual

conductance trace, shown in Figure 1.1.
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Figure 1.1 Single conductance traces of clean Au (orange) and an example molecule (red).



The measurements in this thesis were done using two different types of STMBJ
instruments: a commercial Createc STM, shown in Figure 1.2.A at ultra-high vacuum
(UHV) and 4 K (L T) was used in Chapter 2; a home built STMBJ under ambient conditions
and at room temperature (RT), shown in Figure 1.2.B was used in Chapters 2, 3, and
431516 A significant difference in the two instruments is in the choice of amplifier. While
the UHV-LT-STMBJ uses a logarithmic amplifier to convert the picoamp current to a
voltage, the RT-STMBJ uses a fixed gain linear current to voltage amplifier. Operationally,
the technique for depositing molecules in the junction are different depending on the
environment, with vapor-deposition onto pristine Au[111] substrate and solution-
deposition onto a gold-coated metal AFM substrate used for the UHV-LT-STMBJ and RT-

STMBJ respectively.

Figure 1.2. (A) Image of the ultra-high vacuum 4K STMBJ Ceatec setup with the tip and
substrate shown in the inset. (B) Image of the home-built ambient room temperature STMBJ
setup with the tip and substrate shown in the inset.



In both instruments, junction conductance is determined by collecting thousands of
conductance traces as the electrodes are pulled apart and pushed back together. A typical
individual conductance versus tip displacement trace without the presence of molecules
using gold (Au) electrodes is shown in orange in Figure 1.1. The conductance is shown on

a log scale in units Go, the quantum unit of conductance (Go):

2e?

where e is the elementary charge, h is Planks constant and S is the Sl unit of conductance,
Siemens. As the substrate and tip stretch, the conductance decreases in quantized steps
which correspond to the formation of a tip-substrate contacts with only a couple (integer)
of Au atoms in the cross-section.!” A single Au atom contact is characterized by a
conductance of 1 Go.!® Upon further electrode displacement, the tip and substrate break
contact, and the conductance drops off exponentially with electrode displacement, due to
quantum tunneling of electrons across the gap, until reaching the noise floor of the
instrument below ~10° Go as shown in Figure 1.1.

Thousands of these individual traces are then analyzed by binning the trace into a
1D conductance histogram, as shown in Figure 1.3.A, which allows us to identify
molecular conductance features when compared to 1D conductance histograms from clean
Au measurements. Additionally, 2D conductance versus displacement histograms are
created to investigate and compare the lengths of the molecular conductance features as

shown in Figure 1.3.B.
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Figure 1.3. (A) 1D conductance histograms of clean Au (orange) and the example molecule
(red). (B) 2D conductance versus displacement histogram of the example molecule.

1.3 Fundamentals of Electron Transport

Charge transport on the macroscopic scale, occurs by diffusive transport and

behaves according to Ohms Law:
V =1IR

where V is the voltage across a resistor, I is the current flowing across the resistor and R is
the resistance of said resistor. The resistance is largely a product of the scattering of
electrons off atoms as they are driven by the voltage through the resistor.'® For a typical
conductor or resistor with some given length (L), cross-sectional area (A), conductivity

(o), the conductance is expected to obey the relation:

which predicts typical “Ohmic-conductance” where conductance decreases as the length
of a conductor or resistor increases.
At the single molecule level, electron transport is no longer diffusive but instead

ballistic governed by the Landauer formula:



G =Gy ) Ti(E)
i
which states that the total conductance is given by the sum over all energy dependent
transmission channels (T;(E)) in a ballistic conductor, which in this case is either a single
atom contact or molecule.?°?? This transmission function, T; describes the probability that
an electron with energy E will transmit across the junction rather than be reflected back.
For molecular junctions, these transmission channels derive from discrete energy states of
the molecule, as shown in Figure 1.4. To first approximation, we only include the frontier
orbitals egomo and e,ymo, corresponding to the Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO). When a molecule binds
to metal electrodes, the discrete molecular energy levels hybridize with the continuous
band structure of the metal electrodes, resulting in broadening of the energy levels, given
by I'. In addition, energy renormalization near the metal surfaces causes a shift in the

energy levels (from eyoum0 OF €Lumo 1O €;) around the Fermi Energy (Er).?
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Figure 1.4. (A) General molecular energy levels of a molecule before coupling to the
continuous energy bands of Au electrodes related to electron transport. (B) Molecular
junction energy levels, g; after coupling, given by T, to the continuous energy bands of Au
electrodes related to electron transport.



In most molecules, the energy levels are offset from the energy of the incident
electrons Er, leading to off-resonant transport. The transmission function, T (E) associated
with a coupled single energy level can be approximated as a Lorentzian function, shown in
Figure 1.4.B, and given by:
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1.4 Anatomy of a Molecular Junction
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Figure 1.5. Schematic representation of a single molecule junction in an electrical circuit with
a voltage source and ammeter.

A molecular junction is typically composed of a molecule characterized by a
backbone structure and by functionalized linker groups that bind to metal electrodes on
both sides, as diagrammed in Figure 1.5. Each of these components, (1) molecular
backbone, (2) linker group, and the (3) atomic structure and composition of the electrodes

all contribute to transport characteristics and conductance of the molecular junction.



1.4.1 Molecule Backbone

The molecular backbone is the core of the molecule which determines the nature of
the molecular orbitals and the dependence of conductance on molecule length. Most often,
the backbone is composed of a series of repeating units such as alkanes, alkenes, phenylene,
thiophenes, silanes, or others.?** One of the main differences between the various
backbones is the electronic structure composed of either conjugated = orbitals (alkenes and
phenylenes) or localized ¢ orbitals (alkanes, silanes). Since single molecule conductance
occurs via quantum tunneling, the conductance is expected to decrease exponentially with
length or each additional repeating unit, described by:

G x e BN o=FL

where f3 is the decay constant associated with an individual unit (or per unit length).3! Prior
measurements comparing £ associated with alkane versus alkene chains, showed B,kane
> Bakene-24?° This result indicates that the conjugated m orbitals characteristic of alkenes
make for better transmission channels than the localized o orbitals in alkanes. This is due
to a smaller HOMO-LUMO gap in the conjugated molecules and a smaller energy offset
between the molecular transmission channels and Er. Similar considerations apply to
cyclic conjugated molecular systems, composed of phenyl rings for example, though
additional effects arising from quantum interference need to be considered as well,32-34

Prior work suggests that incorporating metal atoms or diradicals into the molecular
backbone can mediate conductance decay associated with tunneling.'>!2# Unlike organic
molecules composed of p-block elements C, O, N with 2s and 2p frontier orbitals,

organometallics also incorporate transition metal atoms with additional frontier energy
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levels coming from the d band (d.,, dy;, d,,, d,2,and d,=_,2). Molecular orbitals derived

from the d states typically have a certain degree of degeneracy depending on the molecular
symmetry and can have a range of effects on molecular conductance. Studies report both
low and high conductance due to destructive and constructive interference in transition-
metal containing systems, respectively.'**>% Overall, the impact of metal atoms on
electron transport in molecular junctions is not fully understood and requires further study
to inform the design of highly conductive and robust molecular circuits.

The energy levels of diradical containing molecules are described through the
framework of topological insulators, within the 1D Su-Schrieffer-Heeger (SSH) Model.®"-
39 The energy levels associated with the frontier orbitals in diradical containing molecules
are known as edge states. These edge states are topologically distinct from the typical
conjugated molecular energy levels and are associated with a localized orbital at the Fermi
energy Er that can provide a viable transmission channel with high transmission near unity
as long as the molecule is relatively short, ~1.5 nm.% Electron transport through charged
diradical containing molecules have been shown to behave “anti-ohmically” with
conductance increasing as molecular length also increases. In prior studies, the limitation
of these ionic diradicals is in the high localization of electronic edge state, which leads to
the reversal of the anti-ohmic behavior to standard tunneling decay beyond a certain
molecule length. Synthetic incorporation of repeating units of radicals with edge states has
been shown to restore anti-ohmic behavior in molecules longer than ~1.5 nm.*° But the
caustic solvent requirements and long-term instability of charged radical species,

particularly in molecular junctions under an applied field, decrease the feasibility of this
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approach. New and more stable molecular materials with topological edge states are
required to realize high-conducting molecular junctions in accessible experimental

conditions.

1.4.2 Linker Group

The linker group is fundamental for the formation of molecular junctions. Typical
linker groups used in single molecule conductance studies are amines (NH>), thiomethyl
(SMe), dimethylphosphine (PMe,), pyridine, and carboxylic acids (CO,H).1416.28.3041-49
All of these linkers bind to undercoordinated atoms on the electrodes via a dative donor
acceptor bond where a lone pair on the linker donates electron density to the metal.*® It has
been shown that donor-acceptor bonds select for a narrow range of metal-molecule binding
configurations and result in consistent and reproducible molecular conductance
signatures.** Functional groups such as thiols, bind to gold covalently and not specifically
leading to broad conductance signatures?3°!

Other studies report linker groups, such as pyridine, which exhibit two discrete
binding geometries characterized by distinct conductance values that can be toggled
mechanically.*® Other linker functionality includes switched on an off through external
control.> The choice of solvent has been shown to impact the ability for linker groups to
bind to electrodes. For example, while amines readily bind to metal electrodes in organic
solvents, they are protonated in neutral aqueous conditions, preventing the lone pair from
donating to the electrodes.*® On the other hand, linker groups such as imidazole and

carboxylic acids have been shown to require deprotonation and only bind to metal
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electrodes under basic aqueous conditions.’>#°3°5 The variability in linker group
properties warrants further study and presents an opportunity for engineering a diverse

range of molecular circuits with switching or sensing capabilities.

1.4.3 Electrodes

The structure of the electrode and its effect on junction conductance is largely
overlooked in molecular junction studies. Most STMBJ measurements are done using
metal electrodes (Au, Ag, Pt, Ni, and Cu).>®®1 A few reports include measurements on
nonmetal electrodes such as graphene or carbon nanotubes.®2-% The choice of metal is
important for transport properties in part because it sets the value of Er and determines the
mismatch with frontier molecular orbitals (MOs).?2 Au is most often used in ambient
conditions because it is inert in the presence of oxygen, while more reactive metals such as
Cu are reserved for UHV. Soft metals such as Au and Ag are easily deformable and rupture
easily in typical break junction pulling experiments, leading to undercoordinated atoms at
the surface upon rupture.*#°%% However, the exact atomic structure of the electrode contact
varies hugely over the thousands of junctions that are probed during an experiment.
Variability in the electrode structure at the junction can impact the measured conductance
by promoting distinct binding configurations.®®®” This variability is difficult to control and
is an obstacle for reproducible junction formation. The effect of metal-molecule interface
on electron transport is an unsolved challenge in the field requiring further study. for

molecular junctions which is why it’s worth better understanding.
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1.5 Thesis Outline

This thesis explores different distinct degrees of freedom that can lead to new
functionality in single molecule junctions.

Chapter 2 focuses on single molecule conductance measurements as well as density
functional theory calculations of metallocenes made using a LT-STMBJ. We study how
the flat conjugated metallocenes bind preferentially to dull electrodes during junction
pushing and the transport properties of the resulting junctions. We also study the role of
the metal atom, M, in the molecule on the conductance and junction evolution, comparing
junctions formed at 4K and at room temperature with ferrocene (M = Fe) and ruthenocene
(M = Ru). This work was published in JACS in 2022.5¢

Chapter 3 reports reproducible single molecule conductance measurements using a
new linker group, the phenol. We show that phenols only bind to metal electrodes to bridge
the junction in basic aqueous conditions upon deprotonation. This switching behavior is
not observed with more conventional linkers or with other hydroxyl groups such as alcohol.
This work was published in Nanoscale in 2024.68

Chapter 4 reports the single molecule conductance measurements of a series of
neutral diradical molecules that exhibit “anti-ohmic” conductance. We also develop a
theoretical approach modifying the 1D Su-Schrieffer-Heeger model to accommodate
fused, cyclic, conjugated carbon diradical systems, such as those probed here. We find that
these types of molecular backbones are characterized by an intermediate diradical character
which results in anti-ohmic conductance across a broad range of molecular lengths. Our

work lays the foundation for development of highly conductive molecular wires realized
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in simple and accessible experimental conditions. This work is currently in preparation for

publication.
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CHAPTER 2 Formation and evolution of metallocene single molecule circuits with

direct gold-m links

2.1 Introduction

Formation and characterization of single-molecule circuits with organometallic
molecules enhance the scope of observable phenomena due to the incorporation of a
transition-metal atom with new degrees of freedom.®®-"2 Metallocenes are a class of such
molecules where a metal ion (M) is sandwiched between two cyclopentadienyl rings (Cp).
They are synthetically accessible, tunable, and stable in a variety of conditions, making
them ideal model compounds for these applications. It has been theoretically predicted and
later experimentally observed that molecular junctions and self-assembled monolayers
(SAMs) containing ferrocene (M = Fe) bound to gold through organic linkers exhibit
electronic functionality such as current rectification, conductivity enhancement, negative
differential resistance, and spin filtration.14264073-82 Other metallocenes (M = nickel,
vanadium, cobalt) have also been studied using single-molecule methods such as scanning
tunneling microscopy (STM) and break junction (BJ) approaches. Similar electron
transport properties such as spin filtration, spin sensing, and near-unity conductance were
found to depend on the orientation of the molecule in the junction.®%¢ The sensitivity of
conductance phenomena to the physical structure of the nanoscale junction highlights the
need for a clear understanding of how these molecules coordinate to the electrodes and for
methods to control the metal-molecule interface structure.

Most organic molecules incorporated into single-molecule circuits to date closely

approximate one-dimensional (1D) molecular wire rods with high aspect ratios and specific
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linker motifs that bind to the electrodes and form the electrical contacts that close the
circuit. We have previously demonstrated that junction evolution and conductance of
organic molecular wires are sensitive to the atomic shape of the Au electrode and to the
length of the molecule between the linking moieties.'®87#8 In those junctions, the Au—
molecule interface is a localized bond between an Au undercoordinated atom and a single
donor atom on the organic molecule, usually nitrogen (N) or sulfur (S). During junction
elongation, the molecular linker can slide along the electrode and change its attachment
point on the Au structure, resulting in a flat conductance plateau during pulling over a
distance range significantly longer than can be understood from just stretching the link

bonds.
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Figure 2.1. (A) Structure of Group 8 metallocenes: ferrocene, ruthenocene, and osmocene.
Also shown is a ball-and-stick model of ferrocene with a constant charge density contour
color-coded to the electrostatic potential, indicating electron rich (red) and electron deficient
(blue) regions. (B) STM image and height profile (inset) of sub-monolayer clusters of
ferrocene deposited on Au(111) at 5 K. (C) Conductance trace measured in the presence of
ferrocene on the Au(111) surface while pulling the tip out of contact with the surface and then
pushing the tip back in to contact. The snapback distance is calculated from the difference in
the displacement (grey) at the points when the tip breaks and reforms contact, as indicated
by the dashed arrows.
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In contrast, organometallic compounds such as metallocenes (Figure 2.1.A) are
bulkier with a “barrel” shape. Recently, both vanadocene (M = vanadium) and nickelocene
(M = nickel), studied by STM, have been found to bind to metal electrodes either through
the metal atom for vanadocene (Au—M-Au) or through the Cp ring (Au-Cp—M-Cp-Au)
for nickelocene and vanadocene.®88° Metallocenes can also be extended with specific
functional linker groups to direct the anchor point to gold, as demonstrated in some
conductance studies.**38%% Sjgnificantly, the metallocenes as such offer a distinctive
feature, the delocalized electrons on the Cp rings that can coordinate to the electrodes. This
aspect is emphasized by the electrostatic potential map of the molecule in Figure 2.1.A,
which shows increased electron density on the flat Cp ends of the barrel and relatively
decreased density along the sides of the molecule. We hypothesize that the formation and
evolution of molecular junctions with barrel-shaped organometallic molecules, without
functional linker groups, follow scenarios dictated by the electron-rich rings and the
atomic-scale shape of the metal electrodes.

Specifically, we investigate the geometry, conductance, and evolution of molecular
junctions made with group 8 metallocenes (M = Fe (1), Ru (2), Os (3)) on gold, as shown
in Figure 2.1.A. These closed-shell, barrel-shaped molecules serve as a convenient test
case for studying atomic arrangements and evolution of molecular junctions with
organometallic molecules containing multihaptic ligands forming a three-dimensional (3D)
structure rather than a 1D rod. Here, using scanning tunneling microscope break junction
(STMBJ) conductance measurements in cryogenic and room-temperature (RT) conditions,

we show that the metallocenes form reproducible metal-molecule—metal junctions despite
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a lack of coordinated linker groups such as amines or thiols. At 5 K in vacuum, we measure
and correlate the conductance evolution of each junction during pushing and pulling to the
shape of the electrodes deduced from the measured electrode snapback distance. Supported
by density functional theory (DFT)-based calculations of junction structure and
conductance as a function of tip-sample distance, we find that the metallocenes bind
primarily through the electron-rich cyclopentadiene (Cp) conjugated moieties on both sides
of the molecule. In addition to bonding between undercoordinated Au atoms and specific
C atoms of the Cp rings, we find a significant, additional role for binding of the barrel-
shaped molecule to flatter binding areas exposed on blunt electrodes, promoted by van der

Woaals interactions.

2.3 Experimental Section

2.2.1 Molecular Deposition and Measurements in Cryogenic Conditions

We perform single-molecule conductance measurements in ultrahigh vacuum using
a commercial STM (Createc) with custom control hard and software GXSM at the Center
for Functional Nanomaterials at Brookhaven National Laboratory.”>% The low-
temperature STM break junction (LT-STMBJ) measurements are performed at 5 K and
less than 1071° mbar. We repeatedly form and break quantum point contacts in the presence
of a sub-monolayer of molecules. Metallocenes are deposited on atomically flat Au(111).
A clean surface is achieved through two cycles of sputtering and annealing of a single-
crystal gold sample according to standard methods.®® To create the sub-monolayer, we

expose the Au(111) surface at 5 K to a ~10~" mbar vapor pressure of either ferrocene (1)
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(CAS: 102-54-5) or ruthenocene (2) (CAS: 1287-13-4) molecules sublimed at room
temperature in the preparation chamber of the STM under base pressure of 10~° mbar for
30 s. All gold tips are formed by mechanically cutting a 0.35 mm wire purchased from
Fisher Scientific (99.99% metals basis for Au). STM images of both 1 (Figure 2.1.B)
and 2 on Au(111) are taken at 0.7 V bias in Gain 9 to verify sub-monolayer formation. The
height profile of molecular islands, shown in Figure 2.1.B, is measured to be 3.5 A, which
is in good agreement with the long axis of the molecule and consistent with a sub-
monolayer of 1 adsorbed on the Au(111) surface.’* We do not observe dissociation
of 1 or 2 on the surface under the mild imaging conditions used here.%-%

Break junction measurements are performed both on the clean Au(111) sample
prior to the vapor deposition and on the sample with a submonolayer coverage of
metallocenes. For LT-STMBJ measurements, we record the current between a gold tip and
substrate under the constant bias of 50 mV while displacing the tip relative to the substrate
with sub-Angstrom resolution. To maximize the dynamic range of our measurement, we
use a log amplifier (part #AD8304). Our break junction measurement consists of a repeated
series of tip pulls and pushes. Using STM imaging, we first locate an unperturbed region
of the surface with submonolayer coverage of molecules such as the one shown in Figure
2.1.B. Then, we position the tip a few nanometers above the surface by adjusting the set
point current under 50 mV bias. We then initiate an automated protocol to collect 1000s of
conductance vs displacement curves. The protocol establishes tip-sample contact by
smashing the tip to a conductance > 1 Go and then successively pulls and pushes the tip in

and out of the sample by 4 nm as shown. We perform this pull-push motion 10 times in
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the same location. Then, we displace the tip by several nanometers laterally to access a
new area of the surface and repeat the pull-push protocol. Overall, this cycle is repeated
hundreds of times to acquire the full data set.

A single conductance trace measured at 5 K as a function of tip displacement during
junction pulling and pushing is shown in Figure 2.1.C. Both pull and push portions of the
trace display plateaus at multiples of Go, allowing us to identify the displacement
coordinates along the trace (dashed arrows in Figure 2.1.C), where the gold quantum point
contact breaks and reforms, respectively. To measure the snapback distance, we determine
the distance between the electrodes immediately after rupture relative to when the
electrodes come back into electrical contract during push and the conductance jumps to
near Go, as shown in Figure 2.1.C. At the latter point, the interelectrode distance is taken
to be nominally 0 A.*3 Physically, the centers of the apex atoms on the tip and sample are
approximately separated by 2.5 A, the diameter of Au atoms.®”%” This analysis ignores
jump-to-contact, which can occur during junction closing. While this affects our snapback
distance measurements, the scale of the jump-to-contact effect (up to 1 A) is significantly

smaller than that of the snapback range observed here.*

2.2.2 Room Temperature Break Junction Measurements
Room-temperature measurements are performed using previously described
protocols.>1%8" Briefly, we repeatedly break and reform quantum point contacts of gold in
a solution of molecules at standard temperature and pressure while recording the junction
conductance and relative displacement. We form our gold tips by mechanically cutting

0.25 mm wire purchased from Fisher Scientific (#AA14730BY 99.999% metals basis). To
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make Au samples, we polish metal specimen disks (Ted Pella #16219) and then coat the
samples with 150 nm of gold (Fisher Scientific #AA14726BS, 99.999% metals basis) in a
thermal evaporator. All measurements are done in a 1 mM or less solution in 1,2,4-
trichlorobenzene (Sigma Aldrich #296104), a nonpolar solvent. Data collection and
processing are automated with a home built Wavemetrics Igor Pro code. All measurements

are done at 100 mV bias, with a relative tip-sample speed of ~20 nm/s.

2.2.3 Data Analysis

To analyze the formation, evolution, and conductance of metallocene junctions
with statistical significance, we collect and bin push and pull traces in the corresponding
push and pull logarithmically binned conductance histograms.>'¢#’ To create log-binned
1D conductance histograms, the logarithm of conductance values along hundreds (5 K) or
thousands (room temperature) of conductance traces are binned into equally spaced bins.
For 5 K measurements, traces without pronounced 1 Go plateaus or molecular features may
be filtered out using well-established approaches that are described below.*6:%°

Recently, several data analytics techniques have been demonstrated for
unsupervised clustering of experimental traces, distinguishing traces with molecular
features as such as well as different classes of molecular junction structure.'®-192 |n the
present study, the identification of traces with molecular features did not prove to be
ambiguous. The analysis of the molecular junction structure discussed below is based on
physically measured descriptors.

To create two-dimensional (2D) conductance versus tip displacement histograms,

we identify the point where Au junction ruptures (for pull) or reforms (for push) in each
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trace as the zero of displacement. Individual traces are added up into histograms with linear
bins along the displacement axis using this common distance origin. The conductance is
binned logarithmically as for 1D histograms. The resulting 2D heat maps demonstrate the

average evolution of junction conductance with changing tip-sample distance.

2.2.4 Data Filtering Details and Analysis

To determine statistically significant conductance values, we construct 1D
conductance histograms as well as 2D conductance vs. displacement histograms from the
data collected with and without filtering. The histograms shown in the paper use log
binning of the conductance axis as discussed in the methods section of the manuscript.
Before binning, the complete data set is initially separated into the corresponding push and
pull traces. Any trace where tip-sample contact—a conductance of 1.2 Go or higher—is not
achieved during push is filtered out. In addition, traces that do not break contact during pull
by reaching a conductance of 0.0001 Go or lower, are discarded. The remaining ferrocene
push and pull data, (labeled as All Data), is shown in the 2D conductance vs. displacement
histograms in Figures 2.2.A-B. Two further filtering steps are also applied. First traces
which did not exhibit clear Go plateaus but instead display decaying tunneling in this
conductance range are filtered out. Traces of this type exhibit a large number of points
between 0.5 Go and 0.1 G and they are distinct from traces with 1 Go plateau ruptures and
molecular signatures. The remaining data is shown in Figures 2.2.C-D.

Second, traces which exhibit tunneling through vacuum only and no molecular
signatures are filtered out for histograms in Figure 2.2.E-F. These traces exhibit a

continuous decaying signature, characterized by a negative decay factor and a
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monotonically declining conductance. We identify these traces by taking the derivative of
a logarithm of the conductance and remove those traces which display only negative slope.
Traces that show some > 0 slope are identified as having a molecular signature. The results
of all these filtering steps for ferrocene are demonstrated in Figure 2.2 with the numbers

of traces after each step of filtering are recorded in Table 2.1.

Ferrocene Ruthenocene

Pull Traces Push Traces | Pull Traces Push Traces

All Data

(Used for Figures 2.2.A-B)
Remaining after poor tip filter
(Used for Figures 2.2.C-D, 4238 3971 1803 1762
Figures 2.3.A-D)

Remaining after tunneling filter
(Used for Figures 2.2.E-F, 1264 1621 294 375
Figures 2.3.E-F)
Table 2.1 Number of remaining push and pull traces for both ferrocene and ruthenocene
following each step in applying the filtering criteria.

4833 4833 2472 2472

| All Ferrocene Data | Filter Poor Tip Traces | Filter Tunneling Traces

Pull Traces
Conductance [Log(G/Go)]

-0.4 0.0 0.4 0.8 12 -0.4 0.0 0.4 08 1.2 -0.4 0.0 0.4 08 1.2
Displacement (nm) Displacement (nm) Displacement (nm)

Push Traces
Conductance [Log(G/Gy))

T T T T T T T T T T T T T T
12 0.8 0.4 0.0 -0.4 1.2 0.8 0.4 0.0 -0.4 1.2 0.8 0.4 0.0 -0.4
Displacement (nm) Displacement (nm) Displacement (nm)
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Figure 2.2 (A,C,E) 2D conductance vs displacement histograms of ferrocene pull traces after
each filtering criteria. (B,D,F) 2D conductance vs displacement histograms of ferrocene push
traces after each filtering criteria. (A,B) Entire dataset, (C,D) Traces lacking GO plateaus
filtered out, (E,F) Traces without molecular plateaus filtered out.

2.2.5 Density Functional Theory Calculations

All DFT calculations are performed with the FHI-aims suite to obtain total energy,
relaxed atomic-scale structure, and electronic structure. The nonequilibrium Green
function method is used for calculating electron transmission through specific models for
nanoscale junctions, as implemented in the AITRANSS package. %27 Various geometries
of different gold electrodes with either 1 or 2 are relaxed using the PBE exchange-
correlation functional and van der Waals corrections (Tkatchenko—Scheffler). The Kohn—
Sham states are computed with an all-electron, atom-centered basis set. The FHI-aims suite
supplies several options for optimized, numerical basis sets. Final results were computed
using the “tight” level (similar to double { plus polarization) for the atoms in the molecule
and the “loose” level (double ) for the Au atoms in the electrodes.’?®1% The size of the
gold structures used to model gold electrodes is converged with an increasing number of
gold atoms. The final calculations are performed with at least 18 atoms per electrode, with
adaptations to model different features of the tip structure (sharp versus blunt). In these
calculations, the positions of the atoms in the molecule and two apex layers of gold atoms
on each electrode are allowed to relax. Relaxation was considered complete when all force
components/atoms were less than 1072 eV/A. Charge-transfer calculations are performed

and checked for convergence within FHI-aims using a Mulliken population analysis.
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We simulate the pushing and pulling process in the break junction measurements
by moving the electrodes in or out in steps of 0.15 A or less and then relaxing the complete
structure. For each step in the calculated trajectory, the interaction energy is the energy
difference between the relaxed junction structure and the relaxed components (the two
electrodes and the metallocene molecule). The transmission spectra across the molecular
junction as a function of energy at zero bias for each step are calculated using
AITRANSS. 19106 \We also compute the transmission for model junction structures without
molecules present. To establish the reference electrode separation, we determine the
electrode separation where the calculated transmission crosses 1 Go and designate that
reference separation to be 0 A, parallel to the convention used for the experimental push
trajectories as described above. This approach allows us to compare the calculated

distances to the experimentally measured Au-Au distances plotted in push 2D histograms.

2.3 Results and Discussion

2.3.1 Experimental Measurements
The data collected at 5 K for ferrocene and ruthenocene are summarized in Figure
2.3. For these histograms, all traces that displayed a pronounced 1 Go feature during pull
were included. The exponentially decaying signature (black lines in Figure 2.3.A-D) in
the histograms is due to tunneling background through vacuum and is also observed on
clean gold traces (Figure 2.4).%8 In addition, we observe molecular conductance plateaus
in the range from ~0.005 Go to ~0.08 Gy, attributable to the formation of ferrocene and

ruthenocene junctions during both the pull and push portions of the cycle. We determine
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that ~30% of pull and ~40% of push traces measured in the presence of 1 and ~20% of
traces in the presence of 2 (Table 2.1, after filtering for poor tips) display molecular
conductance features below 1 Go. For comparison, we note that ethylenediamine is a
saturated molecular wire with a similar length to ferrocene of 3.8 A (N-N distance) and a

conductance of ~0.005 Go. On pull, this molecule is found to bridge ~25% of junctions.®
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Figure 2.3. 2D conductance vs displacement for ferrocene (A) and ruthenocene (B) on Au(111)
constructed from pull traces (tip withdrawal). 2D conductance vs Au-Au separation for
ferrocene (C) and ruthenocene (D) on Au(111) constructed from push traces (tip approach).
The solid black lines are exponential fits to the clean Au pull and push data in Figure 2.4 and
indicate the average tunnelling current evolution on clean gold. For conductance values
corresponding to the most probable values in the histograms (E), arrows indicate an extension
beyond the Au separation for vacuum tunnelling by 2 A in (A) and 5 A in (C). 1D conductance
histograms constructed with the push and pull traces separately for ferrocene (E) and
ruthenocene (F). Traces that do not exhibit a molecular plateau are filtered out in (E) and (F)
only.

We focus on metallocene junction properties by filtering out traces with no
molecular signature. This eliminates the background counts in the histograms that arise

from the exponentially decaying tunneling current in junctions that are not bridged by a
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molecule. We then construct filtered 1D log-binned histograms. As shown in Figure 2.3.E
and Figure 2.3.F, the resulting 1D histograms for both 1 and 2 display a more prominent
molecular conductance peak for the push traces than for the pull traces. We determine the
most probable conductance, histogram peak position, for the push (pull) signal: 0.017
(0.010) Goand 0.011 (0.008) Go for 1 and 2, respectively. While the most probable
conductance for 2 is 30-40% smaller than for 1, these differences are smaller than the
widths of the histograms and suggest that transport in group 8 metallocenes does not

depend strongly on the metal center.
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Figure 2.4. 2D conductance vs displacement histograms of traces measured on clean Au
without any metallocene present. Measurements were taken during while pulling out of
contact (A) and pushing back into contact (B).

To compare the persistence statistics of molecular plateaus, we turn back to the 2D
histograms for 1 in Figure 2.3.A and Figure 2.3.C. At the pull conductance value of
0.010 Go (1D histogram peak), the average molecular plateau extends ~2 A (length of the

arrow in Figure 2.3.A) past the tunneling background to where the Au-Au distance is ~4
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A, comparable to the length of the molecule. In contrast, at the push conductance of
0.017 Go (1D histogram peak), molecular signatures extend at least 5 A (length of the arrow
in Figure 2.3.C) past tunneling. Furthermore, the distribution of traces includes junctions
in which the molecular conductance signature remains for Au—Au separation of more than
~8 A. This characteristic of more extended molecular signatures during the push for
metallocenes is distinct from previous results for junctions formed with organic molecular
wires linked to Au by amine or thiomethyl groups in cryogenic conditions. 8889110

To probe metallocene binding geometry and persistence in the junction, we
examine the occurrence and step length of the ferrocene molecular junctions as a function
of electrode snapback and 1 Go step length. For each pull—push trace, we use an automated
protocol to calculate the snapback, as illustrated in Figure 2.1.C. The 5 K snapback
distribution determined for the present data set is shown in Figure 2.5 and agrees with
previous measurements.'68897111 \We observe that the snapback distribution is roughly
quantized in multiples of gold atom lengths.''? Furthermore, Figure 2.6.A and Figure
2.6.C illustrates that traces with longer snapbacks on average display longer 1 Go plateaus
during the pull.!!! This pattern is consistent with the accepted view in the field that a gold
atom chain containing an integer number of gold atoms can be pulled out during the stretch
portion of the cycle. The chain eventually collapses leading to 1 Go rupture and a nanogap
between the two electrodes.!'* 14 The length of this snapback has been previously shown
to correlate strongly with electrode geometry. Snapback values less than 2 A are
characteristic of Au electrodes that do not undergo significant plastic deformations and

retain their atomically sharp structure after rupture.8% Larger snapback values,
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characteristically >8 A, are associated with rearrangement of the apex atoms that collapse

the electrodes into a flatter structure after 1 Go rupture. 8114

Counts

0 15 20

Snapback ‘g)istance (A)
Figure 2.5. Snapback distribution determined from the set of traces measured in the presence
of ferrocene that exhibit a molecular step signature or just tunneling through vacuum. The
red fit is generated by fitting a sum of 5 Gaussian distribution functions. The numbers
indicate the means of the normal distributions extracted from the fitting.
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Figure 2.6. Correlation histograms of snapback and 1 GO step length for both push and pull
traces in the presence of ferrocene. (A, B) Data set including tunneling and single molecule
signatures; (C, D) After filtering leaving only those traces with a single molecule signature.
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We sort traces that exhibit a molecular conductance signature based on the
snapback determined for each pull-push trace. The data is sorted into bins based on
snapback (Table 2.2). Then, 1D and 2D push and pull histograms are created for specified
ranges of snapback distance. The full set of push data for 1 is shown in Figure 2.7. The 1D
push histograms plotted in Figure 2.7.A (top axis) confirm that the longest snapback traces
>8 A corresponding to 3 or more Au gold atom diameters (red) have a significantly
diminished 1 Go peak. These trends are also evident in correlation plots shown in Figure
2.6.C and Figure 2.6.D where traces with longer snapback are found to have shorter
1 Go plateaus. This result indicates that these traces form larger-area metallic contacts upon
being pushed together.88113 In the discussion below, we will term these “blunt electrodes.”
We note that blunt electrodes may also include electrodes whose pointed tips are displaced
laterally relative to each other. In these cases, the shortest distance between the electrodes
where the molecules might bind is still flanked by flat metal faces, and the “blunt”
designation applies, albeit with a different orientation for the flat region. In contrast, the
histogram constructed from traces with short snapback shorter than 2 A (gray), less than
the diameter of a gold atom, displays a prominent 1 Go peak. This indicates a lack of atomic
reorganization upon 1 Go rupture and much higher probability for protruding gold atoms
on the electrodes, in this case, to be pushed together to form a single-atom contact. We will

refer to these as “sharp electrodes.”

Ferrocene Ruthenocene
Pull Traces Push Traces |Pull Traces Push Traces
Snapback 0 to 2 A 211 187 93 88
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Snapback 2 to 5 A 511 488 119 105
Snapback 5 to 8 A 374 505 56 110
Snapback 8to 12 A| 148 351 26 63

Table 2.2 Number of push and pull traces within each snapback bin range for both ferrocene
and ruthenocene.

Focusing now on the 2D histograms of molecular signatures in Figure 2.7, we
observe that the length of the molecular plateaus, on average, increases with increasing
snapback. The shortest plateaus occur on the sharp electrodes in Figure 2.7.A; a mix of
short and long molecular plateau lengths is observed in intermediate snapback regimes
(Figure 2.7.B and Figure 2.7.C), which form the bulk of experimentally observed traces.
Finally, the longest molecular plateaus are observed on the blunt plateaus (Figure 2.7.D).
Here, we focus on the sharp and blunt extrema of the distribution, reproduced in Figure

2.8 for 1 and Figure 2.9 for 2. This provides a clear contrast between physical scenarios.

ts (a.u.)

Conductance [Log(G/Gy))

1.2 08 0.4 0.0 0.4 1.2 08 04 0.0 -0.4 12 08 04 0.0 04 1.2 08 0.4 0.0 0.4
Au-Au Displacement (nm)

Figure 2.7. (A) Left: 1D conductance histogram of ferrocene push traces with snapback values
in the range from 0 to 2 A (gray), 2 to 5 A (blue), 5 to 8 A (black) and 8 to 12 A (red). Main
panel: 2D conductance vs inter-electrode distance histogram of ferrocene push traces with a
snapback distance between 0 and 2 A and (B) between 2 and 5 A, (C) between 5 and 8 A, and
(D) between 8 and 12 A,
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We compare the evolution of junctions during pushing on the sharp (Figure 2.8.A)
and blunt (Figure 2.8.B) electrodes. The most probable conductance, determined at each
junction elongation, is indicated by the dashed black line in Figure 2.8. In both cases,
starting from the noise floor, as the electrodes are pushed together, the conductance initially
increases exponentially and then transitions to a plateau. At sufficiently small electrode
separation, it rapidly increases toward 1 Go, with a profile characteristic of direct tunneling
between the electrodes and reformation of Au-Au contact (Figure 2.3.C and Figure

2.3.D).
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Figure 2.8. (A) Left: 1D conductance histogram of clean Au push traces (orange) and the
ferrocene push traces filtered by snapback distance ranges of 0 to 2 A (gray) and 8 to 12 A
(red). Main panel: 2D conductance vs inter-electrode distance histogram of ferrocene push
traces with a snapback distance between 0 and 2 A. (B) As in (A), but with snapback distance
between 8 and 12 A. Heavy dashed lines (black) in (A) and (B) indicate the most probable
conductance at each distance. Light dash lines mark the half-sigma range around the most
probable conductance from the 1D histogram at left. (C) Five selected traces for each case (0
to 2 A, grey; 8 to 12 A, red).
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Figure 2.9. (A) Left: 1D conductance histogram of ruthenocene push traces with snapback
values in the range from 0 to 2 A (gray) and 8 to 12 A (red). Main panel: 2D conductance vs
inter-electrode distance histogram of ruthenocene push traces with a snapback distance
between 0 and 2 A and (B) between 8 and 12 A. Heavy dashed line (black) indicates the most
probable conductance at each distance. (C) Five selected traces for each case (0 to 2 A, grey;
8to 12 A, red).
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We observe specific differences depending on the snapback regime. As shown in
Figure 2.8.A, upon pushing sharp electrodes together (small snapback), the molecular
regime starts at Au—Au separation of ~5 A and persists within half of a standard deviation
from the most likely conductance (gray dotted lines) for ~2 A. This is followed by a drop
in conductance at ~3 A Au—Au separation. On the other hand, for blunt electrodes (large
snapback), the molecular regime starts at an Au—Au separation of ~10 A and persists down
to ~2 A, as shown in Figure 2.8.B. There is no dip seen in the most probable conductance
profile. Remarkably, the most likely conductance we observe at Au—Au separation of ~2
A is unchanged from that at ~10 A. These distinct effects are evident in individual push
traces shown in Figure 2.8.C. For sharp electrodes, the molecular plateau length is roughly
~2 A and a dip typically occurs before the rapid rise and Au—-Au direct contact formation.

For blunt electrodes, the plateau length is generally longer. While a dip occurs in some
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traces, others display a smooth conductance transition from the molecular conductance

plateau to the rapid rise toward 1 Go. Statistically, the latter evidently dominate.
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Figure 2.10. (A) 2D conductance vs inter-electrode distance histogram of ferrocene pull traces
with a snapback distance between 0 and 2 A and (B) Main panel: between 8 and 12 A. Right:
1D conductance histogram of ferrocene pull traces filtered by snapback distance ranges of 0
to 2 A (gray) and 8 to 12 A (red). Heavy dashed line (black) indicates the most probable
conductance at each distance. (C) Five selected traces for each case (0 to 2 A, grey; 8 to 12 A,

red).
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Figure 2.11. (A) 2D conductance vs inter-electrode distance histogram of ruthenocene pull
traces with a snapback distance between 0 and 2 A and (B) Main panel: between 8 and 12 A.
Right: 1D conductance histogram of ruthenocene pull traces filtered by snapback distance
ranges of 0 to 2 A (gray) and 8 to 12 A (red). Heavy dashed line (black) indicates the most
probable conductance at each distance. (C) Five selected traces for each case (0 to 2 A, grey;
8to 12 A, red).
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Conductance trajectories during pushing for 2 exhibit qualitatively similar
behavior, as shown in Figure 2.9. Molecular plateaus are longer on blunt electrodes than
on sharp ones, which display a relative dip in conductance prior to 1 Go contact formation.
We note that the smaller data set collected with 2 results in greater statistical fluctuation in

the average junction evolution behavior with 2.
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Figure 2.12. Correlation histogram of snapback versus molecular step length of ferrocene

push and pull traces.
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In comparison, the 2D pull histograms sorted by snapback for 1 (Figure 2.10)
and 2 (Figure 2.11) show only a modest difference in persistence. The 2D histograms for
the subsets of the data selected for small and large snapback are similar to each other as
well as to 2D histogram for the full data set (Figure 2.3.A). This trend is also evident
in Figure 2.12 which shows that molecular plateau lengths for the pull portion remain on
average constant with increasing snapback distance in contrast to push molecular plateaus,
which tend to increase in length as snapback increases. Figure 2.13 demonstrates that,
although pull and push molecular plateaus tend to occur in the same trace due to the spatial
clustering of molecules shown in Figure 2.1.B, the distribution of push molecular plateau

lengths is statistically independent of the co-occurrence of a pull plateau in the same pull-
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push cycle. This fact emphasizes the distinct evolution of ferrocene junctions during the

opening and closing parts of the cycle with the same set of electrode tips.

wm All Push Traces
= Push Traces with Molecule Present
During Corresponding Pull Trace
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° é ! Molgcmar Sle: Length t:\? * "
Figure 2.13. Normalized 1D Histograms of the molecular push step length of ferrocene.

A smaller fraction of traces with molecular plateaus on the pull compared to the
push portion of the measurement prevents robust statistical analysis of small length
differences in pull traces observed here. On the other hand, it is clear that overall, the pull
histograms in Figure 2.3.A and Figure 2.3.B exhibit a similar molecular plateau
persistence to the push histograms for sharp tips. This suggests similar bonding motifs for
junction formation in these cases.

The ~2 A persistence length we observe for pull traces and for push traces with
sharp electrodes corresponds roughly to the length of donor—acceptor bonds between gold
and organic molecules reported in the literature.*> Furthermore, the dip in the push traces
suggests that the probability of junction rupture increases significantly when the Au-Au
distance is shorter than ~3 A, comparable to the size of the molecule. The minority of

traces with longer plateaus indicate more complex evolution of the junction structure. In
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contrast, for push traces on dull electrodes, the average conductance is slightly higher, and
the molecule can remain bound as the junction is compressed over ~8 A in length.
Furthermore, that conductance is maintained, on average down to the Au—Au distance
where direct interelectrode interactions become significant. The constant conductance
plateaus that exceed the length of the molecule upon pushing on blunt electrodes suggest
junction evolution trajectories where the molecular binding and electron transport is
relatively insensitive to Au—Au distance. In fact, this phenomenon of constant molecular
conductance over multiple Angstroms of compressing is reproduced on all but the most
atomically sharp tips (snapback shorter than 2 A) in our data set, as can be seen in Figure

2.7.B-D.

-0.2 0.0 0.2 0.0 0.2 0.4
Displacement (nm)

Figure 2.14. Pull 2D conductance versus tip displacement histograms present room
temperature STMBJ measurements of 1 mM ruthenocene (A) and osmocene (B) dissolved to
1 mM in 1,4-trichlorobenzene (TCB) with Au electrodes. Conductance traces were recorded
pulling the Au tip out of contact with the Au sample.

We perform room-temperature, pull conductance measurements on molecules 1
3 as described in the experimental section. Push measurements at RT conditions do not
result in reproducible molecular signatures.2” We also do not obtain a reliable pull

conductance histogram of 1 at RT conditions. This result may be due to lower solubility of
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this molecule in the nonpolar solvent used here compared to 2 and 3 or to its slightly
shorter length, which may decrease its binding probability under RT junction formation
conditions. 2D histograms of 4000 traces each of 2 and 3 measured in solution at room
temperature during pull are shown in Figure 2.14. We observe similar conductance
signatures for 3 compared to 2, with average conductance values of 0.0009 Go and
0.0008 Go, respectively. This result reinforces the conclusion from cryogenic
measurements above that the nature of the metal ion does not affect transport through group
8 metallocenes.

Comparing RT with cryogenic measurements, we observe a lower conductance
for 2 at RT (0.0009 Go) compared to 5 K (0.008 Go). We note that the conductance peaks
in 5 K and RT 1D histograms are both more than 1 order of magnitude wide, making the
comparison of average conductance values less meaningful. The histograms
for 2 measured at RT and 5 K do overlap, with significant counts falling between 102 and
10~ Go. The effect of temperature on average molecular junction conductance has been
documented previously. Electrode geometries vary significantly with temperature.®®
Metal-molecule energy level alignment, dynamics of junction relaxation, and other details
of junction formation and transport have been attributed to thermal effects. These
considerations as well as solvation effects in RT measurements can result in complex

dependence of transport on junction environment,8110.116.117

2.3.2 DFT Calculations
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Figure 2.15. Calculated frontier orbitals of gas phase ferrocene using FHI-aims with PBE
functional and tight basis level.
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To further understand our results, we investigate the electronic properties of group
8 metallocenes and consider representative scenarios for junction formation, evolution, and
the associated electronic transport. The qualitative features of the frontier electronic states
of an isolated ferrocene molecule have long been understood from the interplay between
the m-states on the Cp rings and the d-states on the central Fe.*8-120 Qur DFT calculations
in the minimum energy eclipsed conformation agree with previous results and allow us to
visualize the trends in the frontier orbitals showing the combinations of the Fe 3d and the
Cp = orbitals (Figure 2.15).12%122 The highest occupied molecular orbital (HOMO) and
HOMO-1 are degenerate with 3dx>~y? and 3dxy characters on Fe while the HOMO-2
exhibits 3d;? character. The lowest unoccupied molecular orbital (LUMO) and LUMO+1,
which are also degenerate, are identifiable from their 3dx, and 3dy, distributions on the Fe

atom. Qualitatively, the occupied frontier orbitals have more weight on the central Fe,
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while the empty orbitals have more weight on the Cp m orbitals. The calculated DFT orbital
energies, ionization potential (IP), and electron affinity (EA) for 1 (Table 2.3) all suggest
that the HOMO is closer to the Fermi energy of the electrodes. In comparison, for
ruthenocene (2), the HOMO-LUMO gap and the IP are larger (Table 2.3), consistent with

our observation of somewhat smaller conductance (Figure 2.3).

Ferrocene Ruthenocene
State Energy (eV)

IP 6.8 7.23

EA -0.9 -1.2
LUMO+7 2.32 0.92
LUMO+6 1.33 0.81
LUMO+5 0.82 0.81
LUMO+4 0.82 0.31
LUMO+3 0.73 0.31
LUMO+2 0.73 0.11
LUMO+1 -1.35 -0.72
LUMO -1.36 -0.72
HOMO -4.34 -4.58
HOMO-1 -4.34 -4.78
HOMO-2 -4.47 -4.78
HOMO-3 -6.23 -5.93
HOMO-4 -6.23 -5.93
HOMO-5 -6.69 -7.19
HOMO-6 -6.69 -7.19
HOMO-7 -8.77 -8.8

Table 2.3 The calculated [HOMO and LUMO from] ionization potential (IP) and electron
affinity (EA) based on total energy differences. Frontier orbital energy values from the SCF
calculations.

To investigate the possible binding configurations of metallocenes in Au junctions,
we relax junction structures with 1 on both sharp (Figure 2.16.A and Figure 2.16.B) and
blunt (Figure 2.16.C) electrode models. The blunt electrode model is asymmetrical with

one electrode modeled by removing an apex atom and the other by a flat 4x5 Au atom slab.
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A third scenario could involve two flat electrodes. However, the longest snapbacks we
observe in the experiment are on the scale of 4 Au atom diameters (Figure 2.5), suggesting
that the amount of reorganization during snapback would be unlikely to generate two flat
electrodes. We find several binding geometries, as shown in Figure 2.16, with energies
exceeding 0.5 eV per bond, where the Cp ring contacts metal electrodes. The structures
shown correspond to local energy minima as a function of electrode separation, as we
discuss further below. On sharp electrodes, we observe stable binding in both the trans

(red) and the cis (blue) configurations as shown.
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Figure 2.16. Calculated relaxed geometries for ferrocene bound to gold electrodes in three
distinct junction motifs at a tip separation corresponding to the potential energy minimum
and the corresponding charge transfer induced by bonding of the ferrocene to the electrodes.
(A, red) Ferrocene bound to sharp electrodes in a trans geometry. (B, blue) Ferrocene bound
to sharp electrodes in a cis geometry. (C, green) Ferrocene bound to dull electrodes. Numbers
report the net change in Mulliken population in each indicated slice of the junction structure.

To understand the effect of the electrode binding on the electronic structure of the

molecule, we first calculate the change in electron density that occurs upon binding using
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a Mulliken population analysis. As seen in Figure 2.16, in all bridging configurations
considered here, there is net electron transfer from ferrocene to the electrodes, consistent
with expectations for the interaction between the electron-rich Cp rings and gold. In the
sharp electrode case (red and blue), more net charge is transferred from the molecule to the
gold. Self-consistently, the central Fe atom also gains electron density, with a greater
transfer on blunt electrodes. For the sharp electrodes, this is indicative of donor—acceptor
bonding to undercoordinated gold atoms on the electrodes. The Au—C bond distance found
here of 2.35 A is consistent with this interpretation. For the blunt electrode, the magnitude
of charge transfer is similar to that found in studies of ferrocene and nickelocene on copper
surfaces.'?3124 In agreement with that prior work, we find that van der Waals interactions
play an important role in molecule-surface binding. We note that in the blunt case, the
binding energy is higher than on sharp electrodes by 0.2 eV per electrode, while the Au—

Cp distance is about 1 A longer than Au—C donor—acceptor bond length.
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Figure 2.17. Calculated transmission spectrum for each of the three junction structures
illustrated in Figure 2.16: Sharp electrodes, trans (red); sharp electrodes, cis (blue); and dull
electrodes (green). Bottom: Isosurface plots of molecular orbitals for the dominant
eigenstates related to transmission.

We calculate the electron transmission through these molecular junctions as a
function of electron energy to understand how the binding geometry and the resulting
charge transfer affect electron transport. Transmission results are shown in Figure 2.17 for
each of the junction structures illustrated in Figure 2.16. Overall, the resonances associated
with occupied frontier molecular orbitals are closer to the Fermi energy than those that
derive from the empty molecular orbitals. However, the latter exhibit stronger electronic
coupling to the electronic states of the electrodes, as indicated by the larger width of the
resonances. This is consistent with the relatively larger weight of the LUMO states on the
Cp = orbitals of the isolated molecules (Figure 2.15). We also note that the greater charge
transfer from the molecule to the gold in the sharp electrode case leads to a shift to lower
energies of the molecular spectrum relative to the Fermi energy which will affect the
dominant transport channel as we discuss below.

Isosurface plots of key frontier orbitals for molecules coupled self-consistently to
the electrodes in each junction structure are shown in Figure 2.17. For the blunt electrodes,
near degenerate molecular HOMO and HOMO-1 (3dx>-y? and 3dxy) and HOMO-2 (3d.?)
contribute to the primary resonances near —0.5 eV. In the junctions with sharp electrodes,
the near degenerate orbitals with 3dx>~y? and 3dxy character contribute but not the 3d2. In
all three junctions, the transmission spectra exhibit a characteristic asymmetric peak shape

due to interference (Fano) effects among these channels. For the two junctions formed from
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sharp tips, the trans versus cis bonding configuration in the junction leads to asymmetry
with a broader shape to the lower versus the higher energy side of the transmission peak.

Focusing on the transmission near the Fermi energy, the transmission has a negative
slope in the case of the blunt electrodes, indicating that occupied state-mediated tunneling
dominates. The transmission for the junctions with sharp electrodes shows the opposite,
corresponding to empty state-mediated tunneling. Several factors contribute to this
contrasting behavior. First, for the sharp electrodes, the main resonances are shifted down
in energy relative to the Fermi energy due to the increased charge transfer from the
molecule to the gold as was described previously. This factor, combined with the stronger
coupling of the empty molecular states to the electrode, results in LUMO-dominated
transport. Second, for the blunt electrodes, the HOMO is higher in energy relative to Er and
the asymmetric line shape is broader on the high energy side. Taken together, this leads to
HOMO-dominated tunneling for the blunt electrodes.

Despite these differences, in all three cases, the transmission at the Fermi energy is
found to be in the relatively narrow range of 2—4 x 1072 Go, independent of whether it is
HOMO or LUMO dominated. It is also similar to sharp and blunt electrodes. The calculated
conductance magnitude is a bit larger than the measured range. This is fully consistent with
the trend that is broadly observed when comparing DFT-based transmission to measured
conductance for single-molecule junctions.®”125-128 Corrections to the DFT-based approach
or consideration of the additional screening due to neighboring molecules or a solvent can

affect the level alignment and the magnitude of the calculated conductance.8128:129
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Figure 2.18. (A) Binding energy calculated for ferrocene bound to sharp electrodes in trans
configuration (red), to sharp electrodes in cis configuration (blue) and to dull electrodes
(green) versus electrode separation as the electrodes are pushed together. (B) Calculated
transmission versus electrode separation for each junction structure on the three trajectories
shown in (A) and for a model of Au electrodes without ferrocene (neon) as a reference. The
structure of the clean Au junction is shown in Figure 2.19. (C) Ball-and-stick figures showing
junction structure for the numbered snapshots from the trajectories in (A).

Next, we investigate whether this invariance of conductance to geometry can result
in the extended junction plateaus measured experimentally upon pushing junctions
together. We consider the evolution of the three sharp and blunt ferrocene junction
structures in Figure 2.16 as a function of Au-Au separation. We specifically model push
trajectories, starting with a larger Au—-Au separation (relative to the examples illustrated
in Figure 2.16) and decreasing the separation in small steps as described in the Methods
section. We plot the resulting binding energy and transmission at the Fermi energy
in Figure 2.18.A and Figure 2.18.B, respectively. We note that the 0 A on the Au-Au

separation axis for our calculated geometries corresponds to the point when electrodes
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come into electrical contact, just as in our experimental data in Figure 2.3 and Figure 2.8,
allowing us to compare the plots directly. Representative junction snapshots are shown
in Figure 2.18.C.

We observe that the Cp-bound trans configuration (red) is most stable at ~5.5 A of
tip—tip separation, where the molecule is fully elongated and tilted in the junction to bind
to gold electrodes through the two most distant carbons on the opposite Cp rings. Upon
compression, at about ~5.1 A of tip-sample distance as shown by the arrow, the electrode
changes attachment site on the Cp ring of the molecule and switches to the cis configuration
(blue). In this configuration, the most proximal carbons on opposite Cp rings are bound
and the junction can accommodate the shrinking distance. As seen in Figure 2.18.B, this
change in junction structure does not appreciably affect the calculated conductance.
Finally, at ~4 A of displacement, the molecule breaks contact with the bottom electrode
and rotates out of the junction. The concomitant decrease of conductance to the tunneling
regime at this interelectrode distance, seen in Figure 2.18.B, indicates that the molecule
no longer provides a tunneling pathway. Taken together, the combined trajectory calculated
for sharp electrodes predicts a conductance plateau extending from ~6 to ~4 A of Au-Au

displacement, followed by a dip in conductance upon further compression.
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Figure 2.19. Left (black): Calculated binding energy versus electrode separation for ferrocene
bound to Au electrodes at the iron atom. Representative junction structures for the numbered
points are shown below. Right: Calculated transmission for ferrocene bound in the junction
versus electrode separation, corresponding to the trajectory shown at left. Also shown is the
transmission calculated for Au electrodes without a molecule present as a function of
electrode separation (neon). Representative junction structures for the numbered points in
the latter case are shown below.

Studies of junctions formed from vanadocene with Ag electrodes indicated an
alternative junction geometry for sharp electrodes, with the electrode tip atoms directly
coupled to the central metal atom of the metallocene. Our computed junction evolution
with Au tip atoms directly coordinating the Fe atom is shown in Figure 2.19. The junction
binding energy over the range of electrode separation from ~6 to ~4 A is similar to that
found for the Au—C bonded junctions. However, as the electrodes are further pushed
together, the ferrocene is shifted aside leaving an increasing role for direct Au-Au
interaction between the electrodes. The junction energy continues to drop as a
consequence, and the conductance crosses over to a regime more characteristic of direct
tunneling between the electrodes. As a result, no drop in conductance prior to 1 Go contact

is observed for this geometry.
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The computed trajectory for our model of ferrocene junction formation with blunt
electrodes (green traces in Figure 2.18) shows a deeper and broader energy curve and
correspondingly a wider plateau in the conductance as compared to the models for the sharp
electrode. Nearly identical energy and conductance trajectories are found for the molecule
initially bound to the flat surface or the blunt pyramid. Despite the longer equilibrium Au-
Cp distance of these van der Waals-bound junctions mentioned earlier, the most stable
binding energy on these blunt electrodes is ~20% more than found for models of sharp
electrodes, where the binding is consistent with donor—acceptor bonding. As the junction
is further compressed, the metallocene progressively tilts and slides along the flat surface
to accommodate the decreasing interelectrode separation. Surprisingly, even as the
molecule tilts from the vertical by more than 60°, the binding energy decreases modestly,
while the conductance remains virtually unchanged. Overall, the computed conductance
rises from the tunneling regime, crossing over to form a molecular conductance plateau at
~7.5 A that persists until the direct Au—Au tunneling path takes over as the electrodes reach
~3 A separation. The computed tunneling conductance in the latter regime is larger than
that computed for a single Au atom point contact. The upper tip in the blunt electrode

structure naturally approaches a contact area with three Au atoms.

2.3.3 Discussion
Together, our experimental results, analysis, and computational results for model
junction structures provide a clear picture for molecular junction formation and
conductance characteristics with group 8 metallocenes. The experimental methodology in

this study where the junction is tracked continuously through a full cycle of pull and push
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enables correlation of conductance properties to electrode snapback on a trace-by-trace
basis.88%11 Clear differences in the 2D histograms emerge when they are sorted by
measured snapback. Using prior correlation of electrode structure to snapback, we
distinguish measured conductance characteristics for sharp and blunt electrode structures.
Motivated by these results, the DFT-based calculations address these two scenarios through
different model junction structures.

Overall, the group 8 metallocenes form single-molecule junctions directly, without
the need for traditional linker groups. At 5 K, molecular plateaus with 1 and 2 reproducibly
occur in 20-40% of junctions and result in reproducible conductance signatures both
during the push and pull portions of the break junction experiment. Interestingly, the
conductance measured on all electrode structures is similar, indicating that transport
through metallocene molecular junctions formed without linkers is robust and insensitive
to the tip structure. The DFT-based calculations corroborate this outlook, showing similar
junction binding energies for both the sharp and blunt electrode scenarios. Furthermore,
the computed trajectories show clear conductance plateaus with a similar magnitude of
conductance.

However, the in-depth analysis of the 2D histograms sorted by snapback distance
reveals a more nuanced picture with characteristics that do depend on electrode structure,
particularly during the push portion of the conductance traces. On average, during all
measured pull traces as well as push traces with sharp electrodes, junctions form, persist,
and then rupture over a displacement distance of about 2 A, roughly equal to an Au-C

donor—acceptor bond. This suggests the formation of a specific junction motif with a
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metal-molecule bond that distorts and then ruptures. A minority of junctions may involve
more complex Kinetic processes and changes in structure that contribute to longer plateaus.
However, on pushing blunt electrodes together, we find that the metallocene molecules,
~3.5 A in length, can form and maintain a junction with approximately constant
conductance for over ~8 A. Evidently, the molecule bound between blunt electrodes can
rotate to accommodate a shortening distance without losing contact. At a sufficiently close
approach, the direct tunneling channel between the electrodes, scaled by the area dictated
by the blunt electrode structure, rises in importance, and ultimately dominates as the
electrode separation tends to zero.

The DFT-based calculations show that the varied junction scenarios derive from
the distinct modes of Cp—Au interaction driven by the electron-rich n-system on the rings
and the barrel shape of the molecule. In the presence of undercoordinated Au sites, specific
C—Au donor—acceptor bonds form. An alternative scenario in which Au tip atoms directly
coordinate the central group A metal atom may also play a role, although it would likely
be restricted to a few tip atom structures that can minimize steric hinderance with the rims
of the Cp rings. When local flat, close-packed Au patches are available, nonspecific
binding occurs, involving some electron transfer and further stabilized by stronger van der
Waals interactions between the flat Cp ring and the surface.

These distinct bonding motifs translate to understanding the persistence of the
molecular plateaus in the conductance trace of the barrel-shaped metallocenes. Typically,
“rod”-shaped molecular wires bound through amines or thiols display robust conductance

signatures with extended conductance plateaus during pulling because such molecules can
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bind higher up on a protruding electrode and then change attachment point as the junction
is stretched, while the conductance is relatively unchanged.®1% The flexible link motif
adapts to bond to undercoordinated Au atoms along the side of the electrode. For the
metallocenes, the electron-rich Cp rings can also form specific donor—acceptor C-Au
bonds, but they are much less flexible. The repulsion from the electron-deficient sides of
the barrel-shaped metallocenes (Figure 2.1.A) limits binding higher up on an Au electrode.
Overall, this binding motif only supports relatively short (~2 A) plateaus during pulling or
pushing. On the other hand, the extended, flat electron-rich Cp surface promotes binding
on blunt electrode patches. Our analysis and calculations demonstrate how this binding
motif provides an alternative scenario for extended molecular conductance plateaus. In
particular, a tilted molecule can still maintain overlap between the n electrons in the Cp
ring and the Au electrode during pushing in this case.

More broadly, our results suggest that the 3D configuration and chemical details of
the molecule, which can be synthetically manipulated, relative to the binding site have a
defining effect on the selective formation and persistence of molecular junction. In
particular, the metallocene substrate can be functionalized in many ways. 438 This offers
the opportunity to manipulate the basic driving forces identified in our work to direct
junction formation and tune conductance. Given the role of van der Waals interactions in
the persistent conductance plateaus on flat electrodes, the 7 system of the molecular barrel
could be expanded to further promote preferential blunt electrode binding by changing the
Cp to an indenyl, for example.*3® Alternatively, functionalization of the Cp rings with

electron-withdrawing or -donating substituents can tune the direction of charge transfer
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between the molecule and the electrode, affecting bonding and transport properties. It can
also influence the relative importance of HOMO versus LUMO-mediated conductance.
Finally, such substituents could also further discourage molecular sliding along the Au
electrode due to steric effects. These considerations have implications for future
conductance measurements of organometallic and coordination complexes in single-
molecule junctions.
2.4 Conclusion

Our results here provide an atomically resolved picture of the binding geometry,
charge transfer processes and dynamics of the metallocenes-Au interface. Our break
junction conductance measurement protocol combined with density functional theory
calculations of junction electronics and geometries allows us to probe the evolution of
metallocene-metal junctions which we find to be distinct from most molecules studied to
date. The electron rich Cp ring on these organometallic “barrel” complexes, forms direct
bonds to Au electrodes without the need for additional linker groups. We find that the
formation and evolution of these junctions is dictated by the electron-rich ring binding sites
and the atomic-scale shape of the metal electrodes. Specifically, the formation of specific
C-Au donor-acceptor bonds does occur on sharp electrodes but is less energetically
favorable than the van der Waals assisted binding of the Cp rings to blunt electrodes where
more © overall can occur. Critically, we find that the barrel molecule shape is not
compatible with the changing attachment point junction evolution scenario common for

rod-like molecules. Instead, persistent plateaus occur on the blunt electrodes where the
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bulky molecule can tilt and still maintain electric contact with the electrodes through van
der Waals interactions.

The picture of junction formation for the barrel shaped molecules identified in this
work is distinct from that for much more widely studied, rod shaped molecular wires. It
offers interesting opportunities to further manipulate the formation of single molecule

junctions that incorporate transition metal atom and tune the conductance characteristics
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CHAPTER 3 Phenol is a pH-activated linker to gold: a single molecule conductance

study

3.1 Introduction

A versatile toolbox of molecular components with diverse electronic transport and
binding properties is a necessity for advancing the field of molecular electronics. Single
molecule junction measurements such as scanning tunneling microscope break junctions
(STMBJ) and mechanically controlled break junctions (MCBJ) have been widely used to
understand the ballistic transport of electrons through different families of molecules bound
to atomic-scale electrodes, which are typically gold (Au), silver (Ag), or platinum
(Pt).232044.56,59.111,112.131 Single molecules can bridge the source-drain gap by binding to the
electrodes through chemical linker groups.3®132-134 The nature of the metal electrode and
hard-soft acid-base principles from synthetic chemistry determine the types of the metal-
linker group interactions that enable successful single molecule junction formation.*® For
example, Au, which is the most used electrode material, is synthetically “soft” and thus
forms strong covalent bonds with the “soft”, polarizable sulfur linker groups. Thiol-
terminated molecules result in molecular junctions with disrupted Au-Au interactions due
to intercalation of sulfur into electrode tips and disperse molecular conductance signatures
which can make it challenging to quantify conductance trends.®® Linker groups which are
intermediate on the hard-soft continuum, such as imines and amines, bind to the gold
electrode via a dative interaction,1415:28:30:44-48,53,6587.135-142 \\jeqker than a covalent bond,

this donor-acceptor interaction does not disrupt Au-Au interactions and is also selective for
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specific binding geometries, limiting dispersion in single molecule conductance signatures
on gold.**0134 Notably, a certain number of donor linker groups such as the pyrrole
nitrogen on imidazole require deprotonation in basic conditions to enable binding to the
electrode. 28415455137 Iy contrast to sulfur, oxygen is understood to be a “hard” donor atom.
Although in the same chalcogen group as sulfur one row below it in the period table,
oxygen is known as an unfavorable binding linker to the “soft” metals like Au and Pt.1*3
Compared to sulfur, relatively few examples of oxygen-gold bonds are known in the
inorganic synthetic literature, though recently phenols were found to bind to Au surfaces
to form self-assembled monolayer with similar properties to thiols.** The few examples
of oxygen-metal (O-M) binding in single molecule junction studies typically involve two
binding moieties to form bidentate links such as with amides or with carboxyl groups to
strengthen the metal-molecule interaction.*4°55145-147 The specific monodentate O-M
binding with a hydroxy group such as alcohol, phenol or ether group have not been
observed in a molecular junction for conductance measurements on gold.

In this section we discover that O-Au binding can be realized in a single molecule
junction through pH control which activates the oxygen on a phenol moiety for linking to
gold electrodes. The resulting phenolate-bound molecules show robust single molecule
conductance features. Alcohols which have a pKa higher than 14 cannot be deprotonated
and activated to bind in aqueous conditions. We study the conductance of a series of
phenol-terminated amino alkanes deprotonated at pH > 10 and dried on gold samples prior
to junction formation. We find that the conductance decays exponentially and molecular

junction persistence grows linearly with molecule length as expected, confirming that
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transport is occurring through the phenolate-bound molecular backbone. Our density
functional theory (DFT) and Non-Equilibrium Greens Function (NEGF) calculations show
that conductance through phenolate-terminated molecules is mediated by the highest
occupied molecular orbital (HOMO). Using the DFT+X formalism, we accurately predict
the tunneling transport characteristics of these systems. Overall, we find that O-Au binding
is a promising linking strategy for environmentally controlled and robust molecular
junctions. Importantly, our combined experimental and computational measurements on
this novel linker system allow us to develop important insights into linker features
conducive to effective anchoring on gold for molecular electronics and interface

functionalization applications.

3.2 Methods

3.2.1 Break Junction Measurements

Break junction measurements are performed using a homebuilt STMBJ previously
described in detail 3#4° The conductance measurements are made by bringing an Au tip
repeatedly in and out of contact with an Au substrate at 16 nm/s, at a fixed bias below 500
mV. The pull-out portion of each cycle is recorded at 40 kHz and constitutes an individual
conductance trace. Measurements in the presence of molecules are done either in solution
or with molecules dried on the surface using the drop casting method as previously detailed
and discussed below.!® For measurements in aqueous solvent, the STM tip is coated in
Apiezon wax.1*® Measurements made in aqueous solvent were compared to dry

measurements to ensure no solvent or external factors such as ions are affecting the single
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molecule conductance. Single molecule conductance measurements are also made at
different junction biases, to determine if there is any bias dependence.

All aqueous solutions are prepared by initially dissolving sodium hydroxide
(NaOH) in MilliQ water (purchased from Sigma Aldrich) until pH 12 is reached. The
molecule of interest is then dissolved to a concentration of 0.1 mM in the pH 12 solution.
The pH of the solution was then checked and adjusted back to 12 if necessary. A drop of
the solution is deposited on gold coated (~150 nm, prepared by thermal evaporation)
substrates and dried in a low temperature oven (less than 55 °C) for ~10 minutes, leaving
the molecule deposited on the surface of the Au substrate. All molecules, solvents and Au
wire are purchased from Sigma-Aldrich.

Conductance histograms are constructed out of a minimum of 5000 individual
conductance traces. We bin the logarithm of all recorded traces without any data selection.
2D Histograms bin both conductance and displacement. The zero of displacement in each
trace is defined as the Au-Au rupture point when the conductance drops below the metallic
regime (1 Go) to the molecular scale.

The junction probability measurements are constructed using previously reported
methods.'®®” The persistence length distributions are generated from 2D histograms as
described previously.®” Briefly, we take vertical slices of the 2D histograms at each
extension. The resulting slice conductance histogram is fit with a Gaussian fit and the peak
maximum is plotted as a data point to the corresponding extension. By scanning through
every extension and extracting the Gaussian fit amplitude, we achieve persistence length

distributions. The persistence length quoted, corresponds to the point at which the 2D
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feature amplitude decreases to 15% of the maximum and represents the ~longest extensions

observed for a given molecule.

3.2.2 Theoretical Calculations

All DFT calculations are performed with FHI-aims to obtain relaxed atomic-scale
structures as well as binding energies and configurations. 9314 All calculations in FHI-aims
are performed using the PBE exchange correlation functional with “tight” level basis set.!%
Each molecule was relaxed initially in a fully extended conformer and converged to the
lowest energy state. The molecule was then bound between two Auss electrodes and the
lowest energy junction distance was found by moving the electrodes in and out in steps of
0.05 A. During each step, all atoms associated with the molecule as well as the four apex
atoms for each electrode were allowed to relax, leaving the Au atoms in the final three rows
frozen. This procedure identifies the most stable junction structures and equilibrium bond
lengths. The interatomic potential for the O-Au bond is calculated by starting from the
lowest energy geometry found above and stretching and compressing the O-Au distance in
steps of 0.1 A keeping all other relative atom positions frozen and running a single Self
Consistent Field Energy calculation at each step. The total energy was scaled for each
system to 0 eV at O-Au bond lengths of ~5.0 A (broken bond) to remove long range effects
in the charged systems. Each interatomic potential scan is fit to a Morse potential V(r),
given by the fitting function:

V(T') — De(e—Za(r—Re) _ Ze—a(r—Re))
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where r is the O-Au bond length at each step in the scan, D, is the well depth, a is the
width of the potential and R, is the equilibrium bond length.24®° Transmission of the
metal-molecule-metal junction is calculated using a combination of NEGF as implemented
in AITRANSS with adjustments based on DFT+X as described below,2367:105-107.151-153

Since all transmission spectra calculated here using NEGF overestimated the
conductance by more than an order of magnitude due to the presence of a HOMO resonance
near the Fermi energy (Er). DFT+X is implemented to shift the resonance away from Er by
accounting for self-interaction energy errors and image charge effects. The DFT+X
adjusted transmission at E-EF=0 eV is calculated and reported from the single energy level
approximation.

The total DFT+X correction (AX) comes from the addition of a gas-phase correction
(A,) and image charge correction (A,).

A = A, + A,

The gas-phase correction term adjusts the calculated HOMO energy eigenvalue of
the gas-phase molecule based on either experimentally measured values or on calculations
using more accurate methods. The image charge correction comes from adjustments of
energy levels based on the interaction of a charge distribution with a conducting surface
(analogous to an image charge effect). A description of the methods used to calculate both
terms is given below.

To calculate A; we determine the HOMO energy level of the gas phase
deprotonated molecules by an lonization Potential calculation,

Enomo = —IP = Ey_1 — Ey
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where Ey _, is the total energy of the gas phase molecule with one less electron (N-1), and
E) is the total energy of the gas phase molecule. In our case, the gas phase molecule is an
anion, and the ionized gas phase molecule is neutral. All geometry relaxation and energy
calculations are performed using GAUSSIAN 16 and the PBE exchange-correlation
functional .11 Since the molecules are negatively charged, all calculations were done
with the Karlsruhe Def2 basis set including diffuse corrections.'>>1° The calculated Ey om0
for all molecules is checked for basis-set convergence using Def2-SVPD, Def2-TZVPD,
and Def2-QZVPD, with all final values reported with the Def2-QZVPD basis set. A; was
then able to be determined from the difference between Eyou0 and the HOMO energy
eigenvalue (eyopo) Of the gas phase molecules from FHI-aims (used for transport

calculations). The values of Eyomo, Enomo. @and A; are shown in Table 3.1.

Molecule EHOMO (eV) EHomo (eV) Al (eV)
NH,C.PhO -2.27 0.19 -2.46
NH,C,PhO -2.17 0.29 -2.47
NH2C3PhO -2.16 0.30 -2.46
NH2C4PhO -2.17 0.30 -2.46

Table 3.1. Calculated gas phase correction, A;, used for DFT+X for NH,C:PhO", NH,C,PhO"
, NH2C3sPhO", and NH,C4PhO". The calculated HOMO energy levels from lonization Potential
calculations (Exomo) and the HOMO energy eigenvalue from KS-DFT (gyomo) are also
shown.

The image charge correction, A,, is calculated from the relaxed molecular junction
geometries. Since the molecules in the junction are anions, leading to neutral molecules
when ionized, the typical practice of using a point charge in the center of the molecule to

calculate the image charge offset was not applicable. Instead, the charge distribution of the
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neutral molecule was treated as a partial point charge on each atom (g;), determined by a
Mulliken charge calculation on the gas-phase neutral molecule in GAUSSIAN using PBE

and Def2-SVP. The equation for A, is given by

M

A :z |QL Z |ql
2 ; 4‘(21 Ztop) 4‘(21 Zbottom)

where i is summed over all the atoms, and z; — z;y, (2; — Zporrom) IS the distance from the

atom to 1.75 A above the plane of three Au atoms behind the apex Au atom on the top

(bottom) electrode.?*%3157 The calculated values of A, for the molecules studied are shown

in Table 3.2.
Molecule A, (eV)
NH,C:PhO 11
NH,C,PhO 1.14
NH2CsPhO 1.17
NH2C4PhO 1.21

Table 3.2. Calculated values for the image-charge correction term, A,, for NH,C,PhOr,
NHzczphO', NH203PhO', and NH2C4PhO'.

From the calculated values of A, and A, we calculate the total DFT+X correction

for the HOMO energy level (AX) as shown in Table 3.3.

Molecule Aq (eV) A, (eV) AZX (eV)
NH2C:PhO -2.46 11 -1.36
NH2C.PhO -2.47 1.14 -1.33
NH2CsPhO -2.46 1.17 -1.29
NH2C4PhO -2.46 1.21 -1.26

Table 3.3. Calculated total DFT+X correction (AX) from A, and A,.
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We then fit the HOMO transmission resonance calculated from NEGF with a

Lorentzian distribution,

)/2

(x—€)?+y?

fx)=A

where A is the Lorentzian amplitude, y is the Lorentzian width and ¢, is the resonance
peak position. The adjustment made with DFT+X only shifts the position of the Lorentzian
peak by the calculated values of AZ, leaving the other parameters fixed. The AX correction
is subtracted from €, shifting the HOMO resonance away from Er, and yielding the final

DFT+ZX corrected HOMO resonance energy (€x).

3.3 Results and Discussion

3.3.1 Experimental Measurements

Counts

_ B

6 -5 4 3 -2 4 0 5 -4 3 -2 -1 0
Conductance [Log(G/G,)]

Figure 3.1. (A) 1D conductance measurements of 4-hydroxybenzylamine in pH 7 (black) and

pH 12 (blue) aqueous conditions, as well as 4-hydroxybenzylamine in trichlorobenzene

(green). (B) 1D Conductance measurements of 4-hydroxybenzylamine (blue), 4-
hydroxybenzyl alcohol (red), and 4-aminobenzyl alcohol (gray) in pH 12 aqueous conditions.
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Conductance histograms of 4-hydroxybenzylamine (NH>C1PhOH) depicted in the
inset of Figure 3.1, measured in various solvent conditions are shown in Figure 3.1.
NH2C1PhOH, consists of a phenyl ring terminated by a hydroxy group on one end, forming
a phenol, and a methylamine (NH>C;) on the other, with the NH2 amine electron donor
group terminating the molecule. No successful conductance measurements on a phenol
have been reported in the literature to date. Our data in aprotic organic solvent 1,2,4-
trichlorobenzene (TCB), plotted in green, are consistent with these prior findings, and show
only a broad peak below 10* Go. Such dispersed low conductance peaks have been
previously attributed to aromatic molecules containing only one functional linker group, in
this case the amine, anchoring to opposite electrodes and 7t-7 stacking in the junction. %1%
Here, we see that the feature is particularly pronounced in TCB, but is nearly absent in pH
7 aqueous conditions, shown in black. In TCB, amines are neutral and can bind in the
junction to create n-n stacked dimer junctions, while in neutral water, the amine (pKa ~9)
is likely to be protonated and unable to anchor the molecule.*® We verify this fact by
measuring 1,4-benzenediamine, a standard aromatic diamine control, dissolved in pH 7
water and observe no conductance signals as shown in the Figure 3.2.* In pH 7 the phenol

(pKa ~10) also remains protonated and does not bind, preventing the formation of through-

bond conductance signatures with a single molecule bound to both electrodes.
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Figure 3.2. (A) Conductance histogram of 1 mM 1,4-benzenediamine in pH 7 H,O with a wax
coated Au tip (black), 1.5 mM 4-aminobenzylamine in TCB (maroon) and NH,C;PhO" in pH
12 H,0 (red). The structure of 4-aminobenzylamine is shown in the inset. (B, C) Conductance
vs. displacement histogram of 4-aminobenzylamine and NH,C:PhO". The dashed vertical line
emphasizes the similar persistence of the two molecules with identical backbones but differing
linkers.

Importantly, however, measurements of NH>C1PhOH in basic conditions, shown
in blue in Figure 3.1.A, lead to the appearance of a distinct feature at a higher conductance
regime indicated by an arrow and consistent with a single molecule signature where both
ends are anchored to opposite electrodes. We compare these measurements on
NH2C1PhOH to the conductance of an analogous diamine, 4-aminobenzilamine (4ABA),
where the OH group is replaced by an amine. The results are plotted in Figure 3.2 and
show that both the single molecule and the m-m stacked peak are similar in the two
molecules, but the phenol has a somewhat higher conductance than the amine. We note
that in pH 12 aqueous conditions, both the amine (pKa ~9) and the phenol (pKa ~10) are
deprotonated so that the amine is neutral, and the phenol group becomes charged
(NH2C:PhO"). These results suggest that the deprotonated phenol moiety, phenolate, can

bind to gold to bridge metal-molecule junctions.
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To understand which conditions, enable O-Au binding, we perform measurements,
shown in Figure 3.1.B, on two control molecules, 4-hydroxybenzyl alcohol (red) and 4-
aminobenzyl alcohol (gray) whose structures are shown in the inset. In both molecules, one
of the linkers is a hydroxy moiety bound to a saturated chain (alcohol) rather than to an
aromatic benzene (phenol). As a result, the pKa of these molecules is ~16, which is
significantly higher than of a phenol and outside the accessible pH range with aqueous
solvent. Figure 3.1.B makes clear that these molecules do not display a single molecule
conductance feature, even at pH = 12 experimental conditions. We conclude that
deprotonation is necessary to enable O-Au binding in the single molecule junction
environment. Thus, a phenol with a pKa ~10 is a viable linker group for single molecule
conductance measurements in aqueous conditions where it can be deprotonated to

phenolate at pH > 10, but an alcohol with a pKa ~16, is not.
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Figure 3.3. 1D conductance histograms and 2D conductance vs displacement histograms of
NH.C:PhO" (A, E), NH.C:PhO" (B, F), NH.C3sPhO" (C, G) and NH2C4+PhO" (D, H). The black
line in (E-H) is the gaussian fit of each vertical slice in the 2D histogram. The line cuts off
after the amplitude of the Gaussian fit falls off by 85% below the maximum.

To study the conductance characteristics of phenolate (PhO") as a linker group in
break junction measurements, we measure the conductance decay of the series of alkanes,
ranging in length from 1 to 4 methylene groups (C1 = -CHz-, C2 = -(CHz2)2- , C3 = -(CH2)3-
, C4 = -(CH2)s-), terminated by PhO™ (measured in pH 12) and an amine, shown in Figure
3.3. We refer to these molecules as NH.C,PhO-, where n ranges from 1 to 4. Each of the
1D conductance histograms (Figure 3.3.A-D), comprised of at least 5,000 individual pull-
out conductance traces for all four molecules shows a pronounced single molecule
conductance feature. This peak is higher in conductance than the n-n stacking feature which

is present in all molecules except in NH2C4PhO™ where it falls below the measurement
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noise floor. We track the characteristic conductance of each molecule by fitting the peak
to a Gaussian fit and determine the average conductance of NH2C1PhO", NH2C,PhO",

NH2C3PhO", NH2C4PhO to be 102%2, 103%7, 10 and 10+% Gy respectively.

1 2 3 4
N

Relative Intensity

0.0 0.2 04 0.6 0.8
Junction Persistence Length (nm)

Figure 3.4. Junction persistence lengths of NH.C:PhO" (red), NH,C,PhO" (blue), NH.C3PhO"
(green), and NH.C4PhO" (gray). The inset shows the calculated junction formation fraction

for each molecule.

The 2D conductance vs. displacement histogram for these four alkanes is shown in
Figure 3.3.E-H and provides information on the relative length of the molecular junction
as well as how the conductance traces evolve during junction stretching. The black lines
trace the average conductance at each junction extension determined via a Gaussian fit to
a vertical slice of the 2D histogram. The extension where the Gaussian fits diminish by
85% of the peak amplitude is identified by the end of the black line and is interpreted as a
representative length of a fully elongated molecular junction prior to junction rupture. The
junction persistence lengths as well as junction formation probability determined for all
molecules using molecular plateau length analysis techniques is shown in Figure 3.4 and

provides similar results.®” Using both types of measurements, we find that as the number
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of methylene groups increases, the persistence of the molecular junctions grows, so that
average junction breakdown occurs at longer extensions between the electrodes. We
observe a persistence length of ~3 A for NH,C1PhO™ and ~6 A for NH.C4PhO" indicating
that these molecules are fully elongated in the junction after stretching of 3 and 6 A,
respectively, beyond metallic rupture. Accounting for Au electrode relaxation (snapback)
of ~5 A that occurs when gold point contacts break down and separate, 671! these lengths
are consistent with the calculated molecular junction lengths of ~8 A and ~11 A for
NH2C1PhO™ and NH2C4PhO" respectively. Importantly, we find that the persistence length
of NH2C1PhO™ and 4ABA, an analogous amine, in molecular junctions are very similar
(Figure 3.2.B). In all cases, the extension lengths and persistence probabilities plotted in
Figure 3.3 and Figure 3.4 are consistent with measurements done on conjugated diamine
and carboxyl-linked molecules of similar length reported previously, suggesting that the
phenolate-bound junctions are comparable in stability to other commonly used
linkers.4153140.160 These results and analysis confirm that the electrode binds to the fully
extended molecule at the oxygen contact and not through van der Waals interaction with

the phenyl ring which would result in shorter persistence in the junction.
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Figure 3.5. (A) Conductance histogram of NH.C:PhO- at different junction biases (B)
Conductance histogram of NH;C.PhO- at different junction biases. (C) Conductance
histogram of NH.Cs;PhO™ at different junction biases. (D) Conductance histogram of
NH,C,PhO" at different junction biases.

Additional measurements of NH2C:PhO", NH2C2PhO", NH2C3PhO", NH2C4PhO"
are also shown in Figure 3.5.A-D at different junction biases, to ensure that these
molecules do not have a bias dependence. Additionally, measurements were made in
aqueous conditions (Figure 3.6.A-D) that show identical results to the measurements with
molecules dried out of solution (Figure 3.3) that ensure there is no solvent or ion effect on

the conductance of these molecules.
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Figure 3.6. Conductance histograms of (A) NH,C;PhO", (B) NH.C,PhO, (C) NH,C3sPhO", and
(D) NH2C4PhO" constructed from at least 5000 STMBJ traces collected in aqueous pH 12
conditions with a wax-coated tip at 500 mV bias.

To understand how the phenolate linker group effects conductivity through the
alkane backbone, we plot the characteristic conductance values obtained from Gaussian
fits of the 1D conductance histograms in Figure 3.3.A-D, against the number of methylene
groups, N in Figure 3.7.A (gray). We observe a characteristic exponential decay with
increasing number of methylene groups, which is a well-documented feature of off
resonance tunneling in single molecule junctions. Using common practice, we fit the data
with an exponential decay Rc¢ le BN, where f is the decay rate and R. is the contact
resistance of the two ends of the molecule. The experimental conductance decay rate, Sexpt,

is determined to be Bexpt = 0.9 £ 0.1 per methylene. The value of Bexpe matches previous
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measurements for an alkane backbone which range from 0.8 to 1.1,2444137.161-163 The
measured R. of the phenol linker is 4.5 MQ, where we account for the R. of the amine to
be 215 kQ as previously measured.** We note that the phenol Rc is comparable in
magnitude to the R. of similar linker groups such as pyridine, thiophenol and thioanisole,
which are 1.9, 3.8-5.5, and 9 MQ respectively.1®1%3164 The agreement between our
measured R. for the phenol and previously measured thiophenol further confirms that our
single molecule conductance signatures are from direct O-Au binding and suggests that the

electronic resistance characteristics of S-Au and O-Au links are similar.
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Figure 3.7. (A) Comparison of the experimentally determined and DFT+X calculated
conductance values of NH.C,PhO" (n=1-4) including the exponential fit for both and the
corresponding parameters. (B) DFT+X adjusted single level HOMO resonance involved in
transmission calculated at E-Er=0 eV (dashed black line) for NH,C,PhO" (n=1-4). (B, inset)
Initial transmission spectra calculated using NEGF. (C-F) Visualization of the lowest energy

geometries of NH,C,PhO" (n=1-4) bound to two Auss electrodes that are used for transmission
calculations.



72

3.3.2 Theoretical Calculations

To investigate the binding configuration and electronic structure of phenolate
terminated molecular junctions we relax each of the four alkane phenolates studied here
bound to Auzs electrodes (Figure 3.7.C-F) in the fully extended but still stable
configuration. The Au-Au separation (edge-to-edge) in the order of increasing molecule
lengths are found to be 7.6, 8.6, 10.1, and 11 A which is consistent with the overall lengths
and successive addition of a methylene group.** We calculate the expected electron
transport of the four junctions using NEGF method from Kohn-Sham DFT (KS-DFT). The
calculated transmission spectra for all four junctions are shown in the inset in Figure 3.7.B.
We observe that the calculated low bias transmission evaluated at E-Er = 0 eV for all four
junctions is = 102 Go, several orders of magnitude higher than the experimentally
measured conductance plotted in Figure 3.7.A. We also find that the HOMO resonance is
predicted to be within only ~0.5 eV of Er. This resonance near EF magnifies effects of the
known DFT underestimation of the HOMO-LUMO gap and results in a drastic
overestimation of conductance.

To improve the accuracy of our calculation, we turn to DFT+X method to estimate
the transmission. This method is well-suited to situations where conductance is dominated
by a single resonance, in this case, the HOMO. The LUMO, at more than 3.5 eV away, can
be neglected. The parameters, necessary for DFT+X, determined from the Lorentzian fits
of the HOMO resonance in in the inset of Figure 3.7.B are shown in Table 3.4. The final

DFT+X corrected HOMO resonance energy (€5 ) for NH2C:PhO", NH2C2PhO", NH2C3PhO"
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, NH2C4PhO" is also shown in Table 3.4 and are used to calculate transmission in Figure

3.7.B.
Molecule A Y (eV) € (eV) €5 (eV)
NH:C;PhO- | 0.82 0.08 -0.55 -1.91
NH:C.PhO- | 0.28 0.07 -0.49 -1.82
NH:CsPhO- | 0.22 0.07 -0.45 -1.74
NH.C,PhO- | 0.08 0.07 -0.37 -1.63

Table 3.4. Lorentzian Fitting parameters from the NEGF transmission spectra as well as
the DFT+ X corrected HOMO resonance energy (€x).

The DFT+X predicted HOMO resonance position and width for all four molecular
junctions are represented by a Lorentzian curve plotted relative to E-Er in Figure 3.7.B.
We find that the DFT+X correction shifts the resonance for all molecules NH2C1PhO",
NH2C2PhO", NH2C3PhO", NH2C4PhO™ by ~1.3 eV away from the Fermi energy to -1.91, -
1.82,-1.74, -1.63 eV, respectively. This shift of the HOMO in the DFT+X comes from two
distinct contributions: the gas-phase correction and image charge correction.’>® Notably,
we find the gas-phase correction for the four molecules is approximately -2.2 eV, which is
significantly larger than is typical for neutral systems and emphasizes the need for DFT+X
correction for this case. We note that the large offset found here for phenolates PhO" reflects
the documented difficulty of KS-DFT to predict the energy levels of anions, which
exacerbates the standard HOMO-LUMO gap underestimation of DFT methods.1%>-167 We
note that further work on charged molecular junctions may require the DFT+X
methodology detailed and validated here for anions bound to two electrodes. We compare
the calculated conductance values, obtained by evaluating the transmission in Figure 3.7.B

at Er and plotted in Figure 3.7.A (black), with experimental measurements (gray). We
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observe strong agreement for all four molecular junctions; the DFT+X calculated decay
Borr+x falls within the statistical uncertainty of the measured Bexpe, validating the

application of this method to charged molecular junctions.
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Figure 3.8 (A) Binding configuration of Auss-NHC,PhO". (B) Potential energy scan against
length of the Au-X (X=PhO, PhOH, CH.S’, CH,SH, CH,O", CH,OH) bond, with Au electrode

modelled as Auss. The Au apex atom is bound to either O or S in all cases. Data points were
fit with Morse potential function, plotted as solid lines.

Table 3.5. Morse Potential Fitting Parameters determined from Figure 3.8.A [well depth
(De), equilibrium bond length (Re), well width (a)].

We examine the character of the PhO™-Au bond by studying the geometry of the
NH2C2PhO™-Auss interface, shown in Figure 3.8.A. We observe a ~124° angle between
Au-O-C (left) with the Au-O bond rotated ~45° clockwise relative to the plane of the
phenyl ring (right). These observations indicate that a distortion from the original sp?

hybridization of the phenolate to sp® occurs upon binding to gold. These changes in the
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electron distribution and local density of states are characteristic of a strong physisorption
interaction or even of chemisorption, 168171

The strong nature of the binding is also evident in the calculated Morse potential
shown in Figure 3.8.B (solid markers). The well depth or interaction energy (De), and
equilibrium bond length (Re) for PhO™ are 1.1 eV and 2.1 A respectively. This is
significantly stronger than the 0.6 eV dative donor acceptor interaction of amines to
undercoordinated Au atoms commonly used in STMBJ measurements.46:67.172
Interestingly, the Morse potential fit for a deprotonated alcohol (CH.0O") binding to Au
shows an even stronger bond at 1.8 eV, but it is not observed in experiment due to the high
pKa of alcohol which makes deprotonation impossible in aqueous conditions. Importantly,
we also note that a protonated phenol (PhOH) or alcohol (CH20H) has a binding energy of
0.1 or 0.3 eV respectively, which is insufficient for stable junction formation at room

temperature.
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Figure 3.9 Potential Energy scan of the Au-S bond with molecules terminated by -(CH2).SH,
-(CH>).S, -PhSH, -PhS’, and -PhSMe. Data points were fit with a Morse Potential Fitting

function.
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Bond De (V) | Re(A) | a(eV)
—— | (CH)S | 20 2.2 17
— — . | «(CH)SH | 07 2.3 1.9
 — -PhS 1.7 2.2 1.8
_—— -PhSH 0.6 2.4 19

-PhSMe 0.7 2.4 18

Table 3.6 Morse Potential fitting parameters obtained from Figure 3.9.

Interestingly, we see in Figure 3.8.B that the interaction strength of thiolate (CH.S
) at 2.0 eV is comparable to the alcohol interaction. The thiols in Figure 3.8.B are alkyl
thiols, but similar analysis and results were obtained with thiophenols, as shown in Figure
3.9 and Table 3.6. Critically, unlike the weak binding of OH, the SH moiety binds to gold
with an appreciable binding energy of 0.7eV. These calculations support recent
measurements which show that thiol can retain the proton during junction formation and
stretching at room temperature.>” We conclude that while hydroxy moieties need to be
activated through environmental removal of the proton in order to bind, the thiol will bind
even in its protonated state. This donor-acceptor interaction of the protonated thiol may
then be converted to a covalent bond between thiolate and gold which leads to disruptive
intercalation of the thiolate into the electrode structure and the broadening of gold and
molecular conductance signatures.®

These differences between phenol and thiol Au interactions are instructive for
future design of linker moieties. Our results suggest that in addition to the energetics of the

final binding configuration, which are similar for the S-Au and O-Au cases, the transition
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state energy and the existence of intermediate stable binding configurations are important
to consider. Unlike thiolates, phenolates discovered here bind strongly, but non-
destructively. The lack of a stable intermediate binding configuration between the neutral
protonated phenol and the gold, prevents binding in neutral conditions and results in a

linker which binds strongly and can be activated using environmental pH.%>1"3

3.4 Conclusions

Our results here show that a phenol group can be used as an affective linker group
for metal-molecule junctions and is activated for binding in aqueous conditions through
external pH control. Our break junction measurements show a single conductance signature
associated with binding to Au electrodes via the deprotonated oxygen in a phenol that is
not present when phenol or alcohol is protonated. Measurements with a series of alkanes
using the phenolate as a linker group match the expected alkane conductance decay with
molecule length. The calculated electron transport through the series of alkane phenolates
anchored on gold with direct O-Au links, matches experiment when DFT+X adjustments
are made to the HOMO dominated transmission spectra. We show that the Au-phenolate
interaction has characteristics similar to the Au-thiolate bond but is more selective for
binding configurations where the proton is removed. This selectivity results in the ability
to control binding through external environment and reduces intercalation into the gold
electrodes characteristic of thiol-linked junctions. This study of a new robust linker group
for molecular junction measurements offers insight into features of metal-molecule

interactions necessary for successful junction formation and opens the door to a broader
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range of molecular junctions and capabilities. This work points to an effective binding
strategy for biological molecules rich in phenols, such as nucleic or amino acids, to gold
surfaces without required labeling or modification for single molecule conductance, optical

spectroscopy, or other applications.
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CHAPTER 4 Topological Insulator Single Molecule Junctions with Intermediate

Diradicals Result in Anti-ohmic Conductance

4.1 Introduction

With increasing drive for miniaturization, the properties of nanoscale materials
such as individual particles or molecules take on added significance for the development
of future technologies. For example, passing electronic current across single molecules
attached to metal electrodes has been shown to result in switching or diode-like behavior,
raising the prospect of molecules as active components in next generation electronic
devices. 143521747186 Apnealingly, the properties of such molecular circuits can be tuned
using synthetic control of the molecular atomic structure and of the terminal linking
elements that affect how the molecule arranges on the metal and how its electronic states
hybridize with the metallic bands. A challenge in the field is that electronic states of an
organic molecular bridge are typically off-resonance with the Fermi energy of the
conducting electronics in the metal.8"-18 As a result, typical molecular junctions behave
as quantum tunnel barriers, and tend to be highly insulating, with an electronic conductance
that decreases exponentially with molecule length.?>!8 Thus, with few exceptions,
molecules longer than ~2nm in length have vanishing conductance and limited usefulness
as candidates for nanoscale electronics.'®%1% Developing molecular materials that
overcome this limitation is an important challenge for the field.

Recent work has identified radical molecules with open-shell electronic structures

containing unpaired electrons, as molecular wires with topologically non-trivial electronic
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states that can sustain higher conductance over longer lengths.!131% At room temperature
and ambient conditions, charged diradicals generated through chemical oxidation were
shown to behave as 1D topological insulators and to exhibit anti-ohmic behavior, with
conductance increasing in with molecular length up to ~1.5 nm and then decreasing again.!
This reversal to conductance decay in longer charged organic diradicals was attributed to
decreased coupling of edge topological states across the extended molecular backbone. 3
Incorporating many charged diradicals in series in a single molecule, restored anti-ohmic
trends, but required challenging experimental protocols to maintain the high oxidation
charged state of a single organic wire.™

Here, we report anti-ohmic behavior at room temperature in neutral diradicaloid
molecules composed of cyclic aromatic units fused together as in a flake of graphene
(Figure 4.1). Critically, we show that these molecules require no chemical or field
oxidation to reach the inverse conductance decay regime, simplifying the junction
formation process and enabling further characterization of diradical junction phenomenon.
We adapt and extend the 1D Su-Schrieffer-Heeger (1D-SSH) model to present and analyze
the effect of topologically non-trivial electronic states on conductance in cyclic planar
aromatic compounds studied here. By adjusting the 1D-SSH model parameter to reflect
established bond orders in graphene-derived structures, we demonstrate that the anti-ohmic
behavior observed here experimentally is intrinsic in this family of molecules. The
intermediate diradical character y in such conjugated planar structures means that
increasing molecular length closes the band-gap, and compensates for decreased coupling

across the backbone, leading to inverse conductance decay over longer lengths scales.
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Critically, our model applies to other families of conjugated cyclic planar systems and
guides the discovery of highly conducting molecular circuits based on cyclic neutral

diradical compounds.

4.2 Experimental Section

Tha

ThA

Figure 4.1 Resonance structures converting between the quinone, delocalized and diradical
form of the family of benzofused quinoids (BQn) where n=1-3 with thioanisole linkers (ThA).

We perform room temperature single molecule conductance measurements of the
series (n=1, 2, 3) of polycyclic aromatic compounds, benzofused quinoids (BQn), shown
in Figure 4.1 using a scanning tunneling microscope break junction (STMBJ).24487 The
BQ series are characterized by an intermediate diradical character (y = 0.3 - 0.7) that arises
from the preference for aromaticity in the diradical (Figure 4.1 right) over the increased
number of double bonds in the quinone resonance structure (left). A transition state
between the two is a fully delocalized system shown in the middle. Generally, as the
number of fused phenyl rings increases, the diradical character of the molecule also
increases so thaty =0.30, 0.44, 0.61 for n=1, 2, 3 respectively, reflecting a higher residence
of the molecules in the diradical structure over the quinone. Overall, these molecules have

been shown to be air stable open-shell singlet diradicals with long term stability at room
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temperature.!®>2% |t is important to note that the diradical character is inherent to the
molecule and independent of solvent conditions though it can be synthetically tuned.

The polycyclic core of the molecules is functionalized with a 3,5-
dimethylthioanisole group (ThA in Figure 4.1) to bind to the Au electrodes. The methyl
groups at the 3- and 5- positions ensure that the linker group is roughly perpendicular to
the plane of the molecule and decrease coupling of the diradical core to the linker group
and to the electrodes. No oxidation was required and, all measurements in the STMBJ were
performed in 1 mM solution of bromonaphthalene (BNP), a nonpolar organic solvent.

STMBJ measurements are performed by repeatedly crashing and pulling out an Au
tip from an Au substrate in the presence of molecules in solution, with a fixed bias across
the two electrodes while recording the current, voltage, as well as the electrode
displacement. Conductance is calculated at every displacement point during pull out by
dividing current by voltage to generate a conductance trace. Plateaus in the conductance
trace indicate formation of persistent junction configurations with a well-defined
conductance. We statistically analyze the measurements by constructing 1D conductance
histograms and 2D conductance vs displacement histograms from thousands of
individually recorded raw data traces as detailed previously.8687 Reproducible molecular
conductance plateaus result in peaks in the histograms in the conductance range below 1

Go.
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4.3 Results and Discussion

Figure 4.2.A and Figure 4.2.B show 1D and 2D histograms, respectively,
constructed from more than 5000 traces recorded in the presence of molecules BQi-3. In
the top panel of Figure 4.2.A, we compare the conductance histograms of BQ1-3 measured
at the same low bias of 100mV. We observe distinct peaks, attributable to the formation
of stable single molecule junctions with each molecule. Importantly, we observe a
conductance increase with increasing molecule length from 1 to 3 repeating quinone units.
Figure 4.2.C shows the most likely conductance of each molecule, determined from
gaussian fits to the histograms, plotted against the number of repeating units, n. Fitting the
conductance trend to the expected Landauer model:

G = G.ePr

where G, is the contact conductance, g is the conductance decay constant, and L is the
length of the molecules, we obtain a positive beta value of 1.7 A for these low bias
measurements. The positive value of the beta indicates a reverse conductance decay and

anti-ohmic transport trends in these molecules in the absence of chemical oxidant or high

bias.
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Figure 4.2 (A) Single-molecule conductance histograms of BQ, (n=1-3) in BNP at low bias (-
100 mV) in the top panel and high bias (-833 mV for BQ:, and -250 mV for BQs) in the
bottom panel. (B) Single-molecule 2D conductance vs displacement histograms of BQn (n=1-
3) at low bias in the top three panels and high bias in the bottom three panels. (C) Calculated
conductance from gaussian fits to the peaks in Figure 4.2.A for both low bias (black) and high
bias (gray) with exponential fits given by the dashed lines.

The 1D conductance histograms shown in the bottom of Figure 4.2.A, show
conductance of the 3 molecules at a higher bias voltage of at least 250 mV. Crucially, these
plots indicate a dramatic increase in single molecule junction conductance with bias,
especially for n=2 and n=3. We also observe in Figure 4.2.A-B, that the distribution of
measured conductance values with BQ-3 narrows at higher bias, a feature that has been
previously identified as a signature of near-resonant transport.?®* We note that molecular
conductance signatures for BQs are abrogated at biases above ~400 mV as shown in the Sl
and discussed further below. Increases in the conductance of BQ2-3 at higher bias lead to
an increase in anti-ohmic characteristics in these conditions, with a fit to the most likely
conductance values in Figure 4.2.C yielding a 8 of 1.8 A™; this corresponds to an

unprecedented increase of nearly 3 orders of magnitude fromn=1ton=3.
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Figure 4.3 (A) Current-Voltage histograms for BQ, (n=1-3) from thousands of IV curves
taken while holding each molecule between two Au electrodes. Dotted lines correspond to the
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linear grid lines and the white lines are calculated from the average of gaussian fits of vertical
slices of each histogram IV histogram. (B) Fits of the conductance-voltage histograms derived
from the current-voltage histograms for n=1,2,3.

To understand the voltage dependent conductance behavior of each molecule and
estimate the position of the frontier electron orbitals relative to Er, we perform single
molecule current-voltage (V) measurements by sweeping the voltage between the two
electrodes while the molecule is held in the junction and recording the current using
previously published protocols.>? IV histograms for n=1-3, constructed from at least 5000
traces, are shown in Figure 4.3.A, with the average 1V curve, shown in white, calculated
from gaussian fits to vertical slices at each voltage; the dotted black lines are linear Vs
shown for references. We observe clear differences in the IV characteristics of the three
molecules. The shortest (n = 1) molecule shows a linear current-voltage relationship below
~500mV, typical of molecules with a large HOMO-LUMO gap, Egqp; the current starts to
increase exponentially above ~600 mV, suggesting that at the higher bias, the probed
voltage range of £300 mV around Er approaches a resonance feature associated with a
frontier electronic state in the transmission spectrum of BQ1. The intermediate molecule (n
= 2) shows exponentially increasing current at biases larger than ~50 mV, suggesting a
small Egap, On the order of ~100 mV. The IV curve for n = 2 resumes a linear 1V relationship
at high biases after the bias window opens beyond the location of the frontier states in the
spectrum. The longest molecule (n = 3) shows exponential current increase even at the
lowest biases. Beyond ~400 mV, BQs conductance features switch irreversibly to a distinct

lower conductance regime, suggesting a chemical change to the molecule at these higher
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biases which we do not show in Figure 4.3.B. Overall, data in Figure 4.3.B, indicates a
decreasing band gap in the BQ series as the number of repeating fused benzene units
increases. Furthermore, at all biases measured, the conductance behaves anti-ohmically.

The key results from our experimental studies described above are two-fold. First,
we establish clear anti-ohmic behavior in a family of neutral diradicaloids with the highest
B parameter recorded to date in single molecule junctions. Second, our 1V measurements
at room temperature show clear evidence of a bandgap which diminishes with molecule
length but is still present even for the longest molecule in the series, suggesting further
increase in conductance can occur in more extended molecular wires.
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Figure 4.4 (A) Description of the hopping terms (ti, tz, Ui, Uy, C1, C2) describe by bond order
alternation parameter (3) used in the modified 1D SSH Hamiltonian. (B) Graphical
representation of the hopping terms ty, t, us, Uz and the calculated band structure for n=1,2,3
molecules as a function of 8. (C) Transmission spectra near Er using NEGF from the 1D-SSH
Hamiltonian for n=1,2,3 molecules at 6 = -1, 0, 1. (D) Calculated transmission for n=1,2,3
molecules as a function of 6. The region of 6 where the molecules exhibit anti-ohmic
conductance is shown in the shaded gray region.

To understand our experimental results, we develop a 1D-SSH model to describe
the electron transport properties of cyclic systems such BQ1-BQs studied here. In prior

studies, the 1D-SSH or tight-binding Hamiltonian was used to describe linear chains such
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as polyenes, which are molecules composed of a series of alternating single and double
bonds, as shown in the grey path through a polycyclic molecule in Figure 4.4.A. In a
Hamiltonian formalism, the double and single bonds correspond to a large and small
hopping probability respectively.?%? For linear molecules, a single parameter § was used
to parameterize the transition between resonance structures, with 1 > & > -1, spanning the
range from zero diradical character y = 0, to full diradical, y = 1, respectively. This is done
by setting the hopping probability terms t; and t, to scale as e*® as shown in Figure 4.4.A.
In this approach, the grey bonds alternate between double (high hopping probability) and
single (low hopping probability) as 6 goes between -1 (t1 < to = diradical) and 1 (t1 > t> >
polyene). Intermediate values of & describe intermediate scenarios, with 6 = 0
corresponding to a fully delocalized electronic state. As polyene diradicals are not stable
and thus experimentally inaccessible, this earlier model was shown to qualitatively
describe transport trends of other non-polycyclic diradical systems,39:203

Here, we implement a 1D-SSH Hamiltonian for polycyclic systems where at least
two paths through the molecule are present as shown in Figure 4.4.A. We observe that in
the pink path, the bonds do not flip from double to single in the transition from & = -1
(diradical aromatic) to 6 = 1 (closed-shell quinone). These bonds are described by
alternative hopping terms (us, uz) given by e*!9 and they retain the same bond order value
at 6 = -1 and 6 = 1. Graphical representations of all hopping parameters as a function of 6
are shown on the left side of Figure 4.4.B. Critically, using this parameterization, all bonds

t1, to, U1 and u are equivalent when 6 = 0 and the molecule is in a fully delocalized state.
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Finally, the delocalized benzene ring at the extrema of the molecules are described as
constants (c, ¢2), but do not participate in transport.

The band structures for the BQ series derived using the framework described above
are shown in the right side of Figure 4.4.B. As expected, the electronic structure transitions
between the quinone and diradical states as the range of & is scanned. We observe a wide
bandgap in the quinone (& = 1) structure, which closes as the molecule become a diradical
(6 =-1). We can see a transition point near 6 = 0.6 where the Egqp for the longest molecule
is equal to the Egap for the shortest molecule. At all values of & < 0.6, the Egap for n = 3 is
less than that for n = 1.

We use the wideband limit within the non-equilibrium Green’s function (NEGF)
approach described previously to calculate the transmission spectra of molecules BQ1-3.
These are shown in Figure 4.4.C. Focusing at the low-bias regime near Er, we see that the
molecules are insulating in the quinone structure (6 = 1), shown on the right of Figure 4.4.
C, where the band-gap is large, with a featureless transmission spectrum around Er and a
transmission probability many orders of magnitude below unity. Furthermore, the
conductance of these hypothetical closed-shell structures follow standard ohmic behavior,
decreasing with molecule length. Interestingly, we see that the diradical state (6 = -1),
shown in the left panel of Figure 4.4.C, also exhibits Ohmic behavior, which is distinct
from our experimental results. In this topology, the transmission is on-resonance with the
MO edge states, but the amplitude of the resonance decays with length due to decreased
coupling of the edges through the longer molecule backbones. This is consistent with

behavior of linear molecular chains described previously.*® Critically, we observe that our
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polycyclic 1D-SSH model predicts anti-ohmic behavior to occur at intermediate diradical
character, near 6 = 0 shown in the middle panel of Figure 4.4.C, which is consistent with
experimental measurements for the BQ1-3 series whose y values fall in this range.

To determine the range of 6 that leads to anti-ohmic behavior, we calculate the
transmission at Er for n= 1, 2, 3 at all values of &, as shown in Figure 4.4.D. This
calculation shows a range of 6 values characterized by anti-ohmic conductance, specifically
-0.6 < & < 0.2. We emphasize that this region near 6 = 0 corresponds to intermediate
diradicals, with significant contributions from the closed-shell state, suggesting that fully-
open shell systems are not necessarily key to achieving high conductance in longer
polycyclic molecular wires. We note that this is distinct from linear polymers such as
polyenes, where only non-trivial topology, which is not experimentally accessible, yields
reverse conductance decay. We have identified a unique class of molecular organic
diradicals with a fused polycyclic core, where the equilibrium electronic structure is

optimal for conductance enhancement in longer molecular systems.

4.3 Conclusions
In conclusion, we characterize transport properties of polycyclic neutral diradicals
at room temperature and demonstrate anti-ohmic conductance behavior in a series of
molecules of varying length. We find that inverse conductance decay is intrinsic to these
compounds and occurs at all bias voltages and in all solvents, in the absence of oxidants.
We develop a 1D-SSH model to accurately describe qualitative features of the band

structure of similar polycyclic neutral diradicals. Our results reveal that anti-ohmic
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properties key to high conductance of longer molecules are characteristic of intermediate
diradical character materials and guide future design of molecular compounds for single

molecule electronics applications.
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