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Abstract: Research and development in the single-molecule circuit are interesting
from a fundamental perspective and have a great potential impact on electronics,
catalysis, and organic energy cells. In this thesis, I present my contributions to
molecular junctions through theory and simulations. Chapter 1 starts with a ba-
sic overview of fundamental concepts in the electronic structure of molecules and
molecular electronics. Starting from simple models, I introduce the main ideas
governing electron transmission through molecular structures, such as confine-
ment and quantization of energy levels, tunneling through a potential barrier, or
transmission through a single electronic level. I then present the fundamentals of
electronic structure and Green’s function methods. The concepts and simulation
methods outlined here are the theoretical background for the works presented
in this thesis. I also briefly discuss a few widely used experimental techniques
studying molecular circuits.

Chapters 2 and 3 describe the behavior of novel individual molecules adsorbed
on a metallic substrate. Using theory and simulations, we study the electronic
properties of molecular systems in collaboration with experimentalists. I worked
on two systems. The first is a donor-bridge-acceptor molecule studied on a Pt sur-
face. We investigate the preservation of donor-acceptor properties of the molecule
upon adsorption on a highly reactive substrate. The second work is a surface
study of a class of molecules called carbene. We study the geometrical and ad-
sorption properties of a novel carbene molecule on the Au surface. Chapter 4
acts as a bridge between molecular surface science and molecular electronics. We
propose a new bipodal molecular platform that is mechanically robust, as it forms
two covalent bonds to the Au substrate. We then contact the molecule from the
top with a tip and study the electron transport properties. Our study provides a
guideline for designing molecular platforms on Au.

Finally, chapter 5 focuses on conductance and antiaromaticity. Aromaticity is a
key concept in chemistry, describing the stability of conjugated molecules, which
play a central role in molecular electronic studies. Antiaromatic compounds
were long predicted to have remarkable conducting properties but not previously
tested. Our study, carried in close collaboration with synthetic and experimen-
tal partners, was the first to study the conductance of genuinely antiaromatic
molecules. Calculations revealed the origin of this increased conductance. In a
subsequent article, we generalized our previous work to reveal the relationship
between (anti)aromaticity, molecular connectivity, and quantum interference.

Keywords: Molecular electronics, Molecular transport, Density functional theory-
DFT, Donor-acceptor molecule, Carbenes, Aromaticity, Antiaromaticity
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1. Introduction

1.1 Molecular electronics

Molecular electronics is the field that describes the study and use of various
organic molecules as active (transistors, molecular switches, etc.) and passive
(rectifier, energy cell, etc.) electronic components. The versatility of molecules
provides a variety of electrical, mechanical, and optical properties. Researchers
in the field of molecular electronics is working towards condensing electronics
functionalities into organic molecules by chemical design [I]. However, before
molecular devices are fabricated, the single-molecule component must be charac-
terized to understand their electronic properties. Single-molecule electronics ex-
pand the fundamental understanding of electron transfer mechanisms in organic
molecules, which has significant consequences in chemistry and biology. There-
fore, development in the field of molecular electronics is vital for fundamental
scientific advancements.

A single-molecule junction consists of an organic molecule embedded between
two electrodes. Early predictions by Aviram and Ratner suggested that such junc-
tions assist the one-way flow of current (rectification) mediated by the molecule
[2]. Their 1974 article "Molecular rectifiers” theoretically proposed that molecu-
lar devices made of a single organic molecule exhibit excellent rectification and
demonstrated the potential of single-molecules in enabling electronic functional-
ities. Early experiments showed that while attempting to form single-molecule
junctions, the problem of direct electrode contact formation was difficult to over-
come. Later on, the employment of scanning tunneling microscopy (STM) in
molecular electronics paved the way for the first single-molecule junction.

STM was first invented by physicists Gerd Binning and Heinrich Roher from
the IBM research division[3], [4]. They demonstrated for the first time that the
atomic-scale resolution of the surface could be obtained using tunneling through a
vacuum nanogap. In STM, an atomically sharp tip (probe) is controlled by a ma-
terial that expands and contracts reversibly with applied voltage (piezoelectric).
The piezoelectric tip probing over a surface resolves images at atomic-scale pre-
cision. For this achievement, Gerd Binning and Heinrich Roher shared the Nobel
Prize for physics with Ernst Ruska (for his contribution to electron microscopy)
in 1986. Initially, STM was used in surface science to explore the properties of
metal and semiconductor surfaces. In 1996, Bumm et al. used the tip of an
STM to form a single-molecule junction consisting of a biphenyl-based molecule
contacted by Au electrodes on either side [5]. The STM study by Bumm et al. is
the first measurement of electronic characteristics of a single-molecule junction.
They used the STM tip to measure the conductivity of the molecule by modulat-
ing the position of the STM tip and observing the change in current with respect
to the tip position. Their result suggested that single-molecule could show cur-
rent rectification, proving predictions by Aviram and Ratner that single-molecule
electronics are feasible. In the beginning, the charge transport through saturated
hydrocarbon chains such as fatty acids was puzzling as they were thought to be
insulating. A breakthrough measurement of single-molecule transport came from
Mark Reed’s group at Yale University in collaboration with James Tour’s group



at the University of South Carolina [6]. Their articles in the late 1990s and early
2000s advanced our understanding of single-molecule transport measurements
and provided insights into the charge transport properties of various molecules
[7HI0]. Since then, significant advancements have been made in the field of single-
molecule junctions [ITH20]. Several chemical functionalizations called anchoring
groups were studied and showed that many principles from chemistry could be
utilized to control physics at molecular scale junctions [I7]. Electronic compo-
nents such as resistive wires and reversible switches were constructed using single-
molecule circuits [21H24]. Beyond electronics, single-molecule junctions were also
used to study mechanical, optical, and thermoelectric properties at molecular
scale [25H28].

To understand single-molecule junctions, we must be familiarized with how a
molecule conducts when placed between the electrodes. In this work, we will de-
rive the transmission of electrons by resonant tunneling mechanism and, through
that, the electron transport theory behind single-molecule junctions.

The content of this chapter is majorly inspired by "Molecular Electronics”
by Juan Carlos Cuevas and Elke Scheer and "Quantum Transport: Atom to
Transistor” by Supriyo Datta [29] 30].

Although the work I performed during my Ph.D. is theoretical, there are
mentions of experimental studies of single-molecule junctions performed by our
collaborators. We will present a brief overview of the most common experimental
techniques in the following section.

1.2 Room-temperature STM-BJ experiments

In molecular electronics two main types of experiments employed are room-
temperature experiments [5, B1H33] and low temperature experiments [0, [34H36].
Rather different scientific communities develop the two techniques. Chemists
often practice room-temperature experiments investigating molecular properties
under solution, and low-temperature experiments are performed mostly by physi-
cists because of the tradition of surface science. We discuss both methods briefly
in the following sections.

A molecular junction is formed by contacting the molecule by source and drain
electrodes comprising a closed circuit. In air or solution, it is challenging to gain
precise control over molecular contact at room-temperature. Therefore, a gap
between electrodes is opened and closed repeatedly. In the presence of molecules,
during some instances, the molecule bridges the gap. Such techniques are called
break junction experiments as a large amount of data is collected. Statistical
analysis is necessary to analyze the results obtained from break junction experi-
ments. In electrochemical break junctions, the electrode gap is formed by passing
a high current opening a pathway by electromigration [37]. The drawback of such
a technique is that the possibility of residual nanocluster left in the gap disrupts
the measurement. The commonly used break junction technique is the mechani-
cally controlled break junction (MCBJ) technique, in which a nanogap is opened
by a mechanically controlled pushing rod as shown in [38]. The MCBJ method
is highly efficient in forming stable molecular junctions without any nanocluster
formation.
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Figure 1.1: Mechanical break junction experiment (taken from Ref. [38]). The
inset shows the sourse (S) and drain (D) of the electronic device, molecule can be
tunned by gate electrode (G) in the background. The nanometer gap is controlled
by mechanical motion through piezoelectric material (pushing rod).
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Figure 1.2: a) STM break junction experiment (taken from Ref. [39]) STM tip
is pushed and pulled against a substrate containing molecules in solution while
measuring current with respect to voltage. b) Graphics of a molecule filling the
gap between electrodes during tip retraction ¢) chemical structure of a triphenyl
molecule for which conductance histogram is shown in d). Histograms corre-
sponds to change in chemical groups at metal-molecule interface. Figure c¢) and

d) are adapted from Ref. [40]



In 2003, the break junction technique with scanning probe tip (STM-BJ) in-
side a solution of the target molecule was first reported [4I]. The molecular
junction is formed dynamically by crashing a Au tip is crashed on a Au sur-
face, forming a Au-Au contact. The tip is retracted, and in certain instances, a
molecule closes the gap. At every crashing and retracting cycle, the conductance
is measured with respect to the tip distance, as shown in figure a). Dur-
ing pulling, the gap formed between the electrodes is bridged by a molecule at
certain instances, giving rise to a plateau in conductance instead of exponential
conductance decay with increasing tip distance when there is no molecule in the
gap. The experiment is repeated thousands of times, and conductance is plotted
as a histogram. The histogram of conductance shows a peak corresponding to
the conductance taking place through the molecule, as shown graphically in fig-
ure ) The maximum of the peak is the statistically most likely conductance
value, which is interrupted as the conductance of the molecule at equilibrium.
The broadness of the peaks corresponds to the change in molecular configuration
during pulling and subsequent breaking of the molecule electrode contact. I-V
characteristics of the junction can be recorded by repeating the experiment with
different voltages.

In break junction experiments at room temperature, the molecular geometry
cannot be controlled, but the presence of the molecule can be established by ana-
lyzing the statistical measurements and through inelastic tunneling spectroscopy
(IETS) or shot-noise. Break junction techniques are powerful for building single-
molecule junctions at room-temperature, but it is not straightforward to extract
information about the structural and electronic properties of the junction. On the
contrary, using low-temperature experiments, it is possible to obtain atomically
precise geometry at the expense of a highly complex experimental setup.

1.3 STM LT-UHYV experiments

a) b)

o B

Figure 1.3: a) Experimental setup of STM (figure is taken from Ref.[42]). D)
STM images of molecules (above) and chemical structure (below) (figure adapted
from Ref.[43]).




Atomic resolution STM experiments are carried out at low temperatures, typ-
ically few K but could reach as low as few millikelvin (LT) and at ultra-high vac-
uum (UHV). The molecules are evaporated into the UHV chamber, often forming
molecular films over the substrate, which act as the first electrode. The STM tip
(or sample) is directly mounted over the surface on a piezoelectric element that
controls the lateral position of the tip at nanometer precision. LT-STM operates
in two basic modes, constant height, and constant current. In constant height
mode, the height of the tip is fixed at a certain distance, and the change in current
is measured along the plane of the sample. At constant current mode, an elec-
tronic feedback loop keeps the current constant by modulating the tip position

vertically (Ref[L.3).

b)
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Figure 1.4: (a) STM images of a single triangulene on Au(111) surface. (b) dI/dV
spectra measured over different sites of the triangulene molecule on the Au(111)
substrate. dI/dV curves taken at the edge (blue) and at the center (black) of
triangulene and measurment taken on the clean Au(111) surface (red) are shown.
The figure is taken from [44]. ¢) A single molecule chain is lifted by a STM tip,
the figure is taken from [36].

Using the STM setup, once the contact is established between the molecule
on the surface and the tip electrode, the change in current with respect to the
voltage (I-V) can be recorded. The first derivative current with respect to voltage
gives the differential conductance of the single-molecule junction (dI/dV). It is
the measurement of the energy of an electron tunneling through the molecule
due to applied bias. The dI/dV spectrum is an approximate measurement of the
density of the states (DOS) of the molecule, dI/dV measurements taken over the
triangulene molecule are shown in[L.4]b). The low bias dI/dV measurements also
give the conductance estimate of the molecule. In some cases, molecules can be
contacted and sometimes lifted by the tip, thus creating a junction where the
molecule is positioned vertically, bonded to both tip and sample [36]

1.4 Theoretical background

Quantum tunneling is the phenomenon in which a particle penetrates a potential
energy barrier higher than the particle’s energy. In a single-molecule junction,
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conductance is mediated by electrons tunneling between two electrodes, where
the molecule acts as a bridge. The height of the energy barrier is determined
by the work function of the electrode and the chemistry of electrode molecule
contact. Before we derive an expression for the energy of the incident electron
and electron tunneling through a molecular bridge, we should first understand
how an electron behaves inside the molecule. A particle in a box is a fundamental
quantum mechanical approximation that describes an electron confined in a closed
system. First, we will see how a quantum particle acts when confined in a 1D box,
and then we will extend the derivation to the 2D case. These simple examples
allow us to understand the energy levels of individual molecules fundamentally.

1.4.1 Particle in a 1D box

Let us consider a particle inside an infinitely deep 1D potential well of length L.
The particle is represented by a wavefunction ¢(z). By solving the Schrodinger
equation, we obtained the values for ¢ and allowed energies E. The modulus
squared of the wavefunction (|i(z)|?) gives the probability of locating the par-
ticle at a certain position within the box at a given position. Thus ¢ (z) is the
probability amplitude and [¢(z)|? is the probability distribution.

a) « 00 b) c)
4 4

Energy
€
€

Figure 1.5: a) Quantum particle in a 1D box with potential energy walls of infinite
height. b) Wavefunctions (¢) at energies corresponding to first three (n = 1,2
3) principal quantum numbers. c) Probability density ¢? of the wavefunctions
shown in b).

The time-independent Schrédinger equation for a free particle in a potential
well is given as,

e d*p(r)
—o e = EY(a), (L.1)

where £ is the reduced Planck constant (A = h/27). This equation has been
well studied and gives a general solution,

Y(x) = Asin(kz) + Beos(kx), (1.2)

where A, B and k are constants. Our boundary conditions are obtained from
the fact that the probability of finding the particle at positions x = 0 and x = L is
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zero. If we apply the value of x at the boundaries to the equation (1.2} we see that,
when x = 0 the first term sin(0) = 0 and second term cos(0) = 1. Therefore, B
= 0 is necessary to satisfy of boundary condition. Hence, equation becomes,

Y(x) = Asin(kx) (1.3)
Differentiating the above equation twice with respect to x we get,
d2
;/;(f) = —k*Asin(kx) (1.4)
Substituting equation [1.3| to [1.4] we get,
d*(x) 2
T — k() (1.5)
Substituting to [1.1] and rearranging for k we get,
grmE\ "’
o () ”

By plugging k to [1.3] we get the following equation for the wavefunction,

sn2mE\ "’
< 2 ) x (1.7)
To further simplify, we recall the boundary condition of ¢ = 0 when x = L.
Applying the condition to [1.7] we get,

Y(x) = Asin

8 2 E 1/2
0:Aw1<”£l> L (1.8)
The above equation is true only when,
8e2mE\ 2
( WhT ) L =nm, (1.9)

where principal quantum number (n) is any positive (n = 1,2,3...) integer.
The number n labels the allowed energies of the box. Substituting [1.9] to [1.7] the

wavefunction becomes,

Un(x) = Asin(T:c) (1.10)
Solving equation [1.9] for E we get,
2h2
nzgjﬁ for n=1,23. (1.11)
m

Equations [I.10] and are the solutions for wavefunction and energies of a
particle confined in a 1D box. The wavefunction is determined by the principal
quantum number and the length of the molecule. The normalization condition
of the wavefunction defines A. We can see that the particle has discrete energy
levels increasing along with the term n, also known as quantization of energy



levels. The lowest energy of the particle is non-zero, showing that the particle
always has finite kinetic energy.

The wavefunctions ,, of the particle for n = 1,2 and 3 energy levels and the
probability density ¢? are shown in ﬁgur b) and c¢). The number of nodes
(intersections) in the wavefunction increases with increasing n. Next, we expand
the derivation to 2D potential energy well.

1.4.2 Particle in a 2D box

Let us consider a particle confined in a 2D infinite potential well. The length
and width of the well are given as L, and L,. The time-independent Schrodinger
equation of the particle is,

h? [ 0%Y(x, OPY(x,
_ v(z,y) | V@) _ gy (112)
2m Ox? Jy?
A Square box Rectangular box
L =L L,=0.9L,
—_—
Ez,z
>
o —_— by
S
8 —_— £,
(NN}
El,Z EZl
—
El,l

Figure 1.6: Energies plotted using equation for 2D symmetric (square) box
and asymmetric (rectangular) box. We can see that the symmetry gives rise to
degeneracy of states i.e., there are two states at the same energy (E; 2 and Es ).

The left side of the above equation is the sum of two independent terms. For
equations of this form, according to separation of variables approach, the solution
to the 2D term is the product of two 1D terms. Therefore, 2D wavefunction can
be written as,

V(w,y) = P(x)d(y) (1.13)

Similar to equation the general solution to the time-independent
Schrodinger equation for a particle in 2D potential well,

Y(x) = Agsin(kyx) + Bycos(kyx) (1.14)

Y(y) = Aysin(kyy) + Bycos(kyy) (1.15)
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Like the boundary conditions of 1D box, the probability of finding the particle
at boundaries is zero for 2D box too. Hence, Bx and B, become zero. Then, we
substitute equation [1.14] [1.15 to [1.17] the wavefunction in 2D is,

Y(x,y) = Nsin(k,x)sin(kyy), (1.16)

where N is a constant, which will be set by the normalization condition.
Slightly modifying and adapting equations and to 2D case we get the
following expressions for wavefunction and energy of a 2D particle,

U(z,y) = Nsin(nxﬂx)sm MY (1.17)
L, L,

For symmetric 2D box of length L, = L, = L, from equations and
we can see that the wavefunction depends only on two variables n, and n,. In the
ground state when n, = n, = 1 there is only one solution to the wavefunction.
In fact, for all the energies when n, = n, there can be only one wavefunction.
But when n, # n, there can be two wavefunctions with the same energy, this
phenomenon is known as degeneracy. According to equation the values
ny, =1,n,=2and n, =2, n, =1 have the same energy,

5h?
B0 — [y — o
12 21 g2

But the two wavefunctions corresponding to the energies are not the same
¥(2,1)1(1,2). The degeneracy of the wavefunction occurs in the symmetric sys-
tem, such as the square box we have considered. If the length of the 2D box is
rectangular, the symmetry is broken, and there will be no degeneracy. In natural
systems such as molecules, there can be multiple degenerate states depending on
the degree of symmetry. The simple quantum-mechanical problem we just solved
provides an insight into molecules’ chemistry and electronic structure.

We have shown the behavior of a quantum particle (electron) inside a confined
system (box). The following section will derive an expression for tunneling the
particle (electron) through a barrier, the fundamental principle of single-molecule
conductance.

(1.19)

1.4.3 Electron tunneling

To illustrate quantum tunneling, consider an electron incident on a potential
barrier from the left side as shown in figure Let E be the energy of the
electron with mass m. The potential energy barrier has a height U and width
a. At the boundaries of the potential energy wall, the electron wave is partly
transmitted and partly reflected. The solution to the electron wave vector at
regions 1, 2, and 3 as shown in figure [1.§|is,

wl — A+€iﬁx + A,e*iﬁx
1y = Bre " 4+ B_e*” (1.20)
Py = C+€i’6x

10



¢ (1) ¥ (1,2) ¢ (2,1) $(2,2)

Figure 1.7: Wavefunction of the first four states of a particle in a symmetric 2D

box plotted with equation . a) 3D plot with z axis showing the energy. x and
y directions are the box dimension, b) projection of panel a) over x and y planes.
We can see the increase in number of nodes with increasing n. States ¢(1,2) and

¥(2,1) are degenerate, rotated with respect to each other by 90°.

4 Wave direction

Energy

Figure 1.8: Illustration of an electron passing a rectangular potential barrier of
height U and width a. A, B and C are the coefficients of the electron wave vector.

+ and - indicate incoming and outgoing waves respectively.



« and (8 are a wave number and the complex exponent denotes oscillations.
There is no reflection in region 3 because the electron is travelling from left to
right. Using the relation that the wavefunction and its derivative are continuous
at the boundaries of the barriers we can write the boundary conditions as,

A, +A =B, +B.

—if(Ay —A) = a(By — B-)
B,e ™ 4 B_¢' = O, P
a(B_e — Bre ) = iC e

(1.21)

We substitute reflection (r) and transmission (t) coefficients explicitly to the
above conditions, we get, A, = 1, Cy =t and A_ = r. Rearranging [1.21] we
obtain the following expressions for transmission (t) and reflection (r),

4afeilf—)

" lav - e(pap 122

_ (82 — a?) sin(ac)
"= 2iBa cos(aa) + (a? + 52) sin(aw) (1.23)

+2m(E —U) 2mE
o=y 2REZD) o 2mE (1.21)

Substituting equation in we get the transmission coefficient T as a
function of energy (E) of the particle. For particle energy lower that the barrier

(E < U) T is,

T(E) = i = 4E(U —ZLEE)(Z (;fzznhZ(aa)’E <U (1.25)

Similarly the transmission coefficient for E > U is,

9 AE(E —-U)

T(E) =t = AE(E -U) + U? 8in2(oza)’E ~U (1.26)
The length and energy dependence of the transmission of this potential en-
ergy barrier is shown in fig [I.9) The important feature is that 7 > 0 for E <
U increases exponentially. This decay is given by T o exp(-aa), i.e., slopes in
figure b) are mainly determined by the square root of the difference between
the electron energy and the barrier height. Since transmission determines a de-
vice’s conductivity, this model explains exponential decay of conductance with
the distance between the electrodes in a tunnel junction. The model also ex-
plains the importance of the barrier height, which is the difference between the
conducting frontier orbitals at the junction and the Fermi energy of the electrode

for single-molecule junctions.

1.4.4 Electron transmission through a double barrier

In the previous section, we derived an expression for the transmission of an elec-
tron passing through a barrier. Nevertheless, in a molecular device, as we will see

12
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Figure 1.9: a) Transmission probability as a function of energy plotted using
equations[l.26|and[1.25] When E < U (inset) transmission increases exponentially
with with the energy of the particle. b) Transmission is plotted as a function of
the length of the potential barrier showing exponential decay with length. The
height of potential energy barrier U is fixed at 4 eV (i.e., E < U).

the barrier is the link between a molecule and the electrode, usually the molecule
trapped between two electrodes leading to two barriers. This scenario is similar to
an electron passing through two potential barriers. An illustration of an electron
incident from the left to the right side of a double potential barrier is shown in
[1.10] Similar to equation [I.20] of single barrier, the wave vector has five different
solutions at five regions described as,

P = Agam + A e
Yy = Bie ™ + B_e™

Py = C e+ C ™" (1.27)
¢4 _ D+e—o¢x + D e
s = Eye™

Oé:\/j:2m(hE2—U)’ ﬁ:,/QZZE, (1.28)

where o and § are wavenumbers. Both potential energy barriers have a height
U and width a. L is the distance between the barriers as shown in figure[1.10] We
solve the transmission coefficient with respect to the energy of the electron using
equations [1.20] and the boundary conditions. The transmission coefficient
for the electron with E < U through a double potential barrier is,

1

T(E)=|t]* = G I T IE (1.29)

G = cosh(Pa) cos(aL) — ¢ sinh(Ba) sin(aL) (1.30)

S = cosh(fa) sin(aL) + ¢ sinh(fa) cos(al) (1.31)
_ a2 _ 52

and ( = 503 (1.32)
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Wave direction
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Figure 1.10: Illustration of an electron passing two symmetric potential barriers
of height U and width a. The distance between the two barriers is L.

30eV 30 eV

10°% 10 102 €S 2 >
T(E) 2.5A 5A 2.5A

Figure 1.11: Transmission probability vs energy plotted using equations [1.29
showing enhanced tunneling coefficients at specific energies, the energy axis is in
log scale. The corresponding states between the double potential barrier are also
shown.
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The transmission coefficient with respect to the energy of an incident electron
is plotted using equation [I.TI] The parameters used are U = 30 eV and a = 2.5
A, and L = 5 A. From figure we see enhanced transmission at energies 0
eV, 2.6 eV and 7.1 eV. Similar energies can be obtained from equation |1.11| which
gives energies for infinite potential well, proving its resemblance to the double
potential barrier. We see that the peaks in transmission match these energies.
The main finding is that when the incident electron’s energy matches the energies
of the allowed states in the well, transmission is enhanced T' &~ 1. This is known
as resonant transport. When the energy does not match these states, a condi-
tion known as non-resonant tunneling occurs where transmission is substantially
lowered. As we will see, this behavior is seen in molecular conductance.

1.5 Green’s functions

It is challenging to calculate the transmission of real systems such as molecular
junctions where there are many electrons and energy levels. Green’s functions are
mathematical techniques used to obtain many physical properties of a system.
In the context of the thesis, we use Green’s functions to calculate the trans-
mission spectra and electrical current in a single-molecule junction. Following
Schrodinger’s equation, Green’s function G can be written as,

(E— H)G(E) =1 (1.33)

The Hamiltonian (H) of a single-molecule junction consists of device region
(Hy), left electrode (H) and right electrode (Hg). The off diagonal terms which
define the interaction of the device region to the left and right electrodes are t;,
and tg respectively (f represents complex conjugate). Then can be expanded
as [45],

E—HL —tL 0 GLL GLd GLR 1 0 0
—tt  E—H; —th Grg Gyq Gra|=10 10 (1.34)
0 —tR E—HR GRL GRd GRR 0 0 1

As there is no interaction between left and right electrodes by construction,
the terms Grr and Ggrr are zero. The three linear equation from the middle
column of the Green’s function matrix are,

(E — HL)GLd —t1Gg=0
- tTLGLd + (E — Hd)Gd - tTRGRd =1 (135)
—trGq+ (E — HR)GRd =0

Substituting the first and third equations into the second one,

it thtr
m d"’(E_Hd)Gd—m
According to the definition of Green’s function, (£ — Hp)gr, = I and (£ —
Hg)gr = I are the Green’s function of the isolated contacts. Substituting g7, and

gr to equation [1.36] we get,

Gy=1 (1.36)
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_tTLthLGd + (E - Hd)Gd - tEgRtRGd =1 (1.37)

The term G4 above is the retarded Green’s function of the junction which
corresponds to the incoming wave, which can also be written as G;. The complex
conjugate of the GL is called advanced Green’s function G§ which corresponds to
the outgoing wave. Substituting ¥, (E) = —tTLthL and Yg(F) = t%gRtR to the
equation [I.37] we get,

Ga=(E—Hy—X,(E) - Sp(E)™" (1.38)

The above equation allows us to calculate many physical properties of a sys-
tem. Using Green’s functions, we can calculate the density of states, transmission,
and electrical current of the single-molecule junction. We should be careful in
calculating the terms >, and ¥, which are called the self-energies of the elec-
trodes. They are independent of the device region and can be calculated with the
periodicity of the electrode. They mimic the effect of coupling to semi-infinite
electrodes when in fact finite slabs are used.

We will discuss the calculation of electrical current with Green’s function in
the following section.

Electrical current

Let an external perturbation |v) be applied to the system [45]. The Green’s
function gives the linear response to the applied perturbation to Schrodinger’s
equation.

(E—H)[Y) =E[¢)+|v) (1.39)

[¥) = =G(E) v) (1.40)

In case of single-molecule circuit, the bias difference between the two elec-
trodes can inject electrons into the device, it is a non-equilibrium problem. To
solve this we first calculate the wavefunction [¢;) of the incoming wave from the
left electrode. Using relation [1.40} the device wave [¢4) function can be written
in terms of the incoming wave |1 ) is,

[$a) = —Gat], [vor) (1.41)

where tTL is the coupling term of the left electrode to the device. Similarly,
the wave entering from device to the right electrode is given by,

[Vr) = grth [1a) (1.42)

To get the wavefunction of the left electrode we need to add the incoming
wave the the relation. Then [|¢1) becomes,

) = |¥r) + gutr [va) (1.43)
Substituting equation [1.41] to [1.42f and [1.43| we get,

[¥r) = —grtRGat} |¢r) (1.44)
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VL) = (1 +9LtLGdtTL> |YrL) (1.45)

Before deriving the current, we need an expression for the spectral function
in terms of the Green’s function. It is given as,

A=i(G -G (1.46)
Expanding the spectral function in an eigenbasis leads to the following,

_27r25 — ) |k) (K|, (1.47)

where € are the eigenvectors, |k) are the corresponding eigenvalues of Hamil-
tonian, and ¢ is the delta function.
For any arbitrary contact j, the electrical current is given as,

b= = ()15 1) = () (1.48)

The above equation generalizes the electric current as a product of charge and
the probability current. Extending the idea to the single-molecule junction, the
current flowing from contact L to R is given by, substituting [1.41}] [1.45( and [1.44

to equation [I.48]

in =~ (Wrlt; [6a) — (walin) (1.49)

B (<¢L| trGlith(9k — gr)trGat) |¢L>) (1.50)

We introduce a new term I'p = tR(gR — gr)tr = t}(aR)tR, where ap is the
spectral function of the right electrode. I'g gives the coupling of right contact to
the device.

in =~ (Wl GITaGatl 101) (1.51)

Integrating ir over the whole energy range gives the total current (I). The
incoming wave 17, has several modes in the contact; hence the summation over
all principal quantum numbers n is required.

2e

1=5 | dEY6(E~B,) (Yra| tGiT rCat} [V1.0) (1.52)

E=—0c0

[ ABF(E 1) X 0(E = B) (bl b fm) (m] GITrGat] o)) (1.53)

2
Ok

E=—c0

ABS (B, ) ((m| GICaGaltn S5t ) ), (154)

m

where ay, is the spectral function of left contact described as,
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ar, = 27?25(1? —E,) (Yraltra)

Substituting I, =t} (¢} — g)tr =t} (ag)t,, into equation we get,

=% ABS(E.m) Y ((m| GITAGL 1) m) (1.55)

Subtracting the incoming wave from the right contact to we get,

1= [ ABIJ(E, u) = F(E,un)] Tr(GITnGal's) (1.56)

The above equation is the Landauer equation for current. It describes the
total current through a molecular junction as the sum of all the transmission
probabilities of an electron between occupied and empty states given by the Fermi
function of the electrodes. Using Green’s function and coupling to the electrode
terms, the transmission as a function of energy can be calculated as,

T(E) = Tr(GYE)Tr(E)Ga(E)TL(E)) (1.57)

Dependence on voltage (V) is implicit in all the terms. Landauer pioneered
the theory of electronic transport as a framework for understanding electrical
conductance. He emphasized the fundamental connection as "Conductance is
transmission.” The Fermi distribution function of left and right electrode become
step function at 0K. Then the conductance G =1/V at the Fermi energy is derived
from equation as,

_2€?

G == -T(Er) (1.58)

The above expression shows that for a tunnel junction such as a single-
molecule circuit, the maximum conductance of a single transmission eigenchannel
is G = 2¢%/h. The value G = 2¢?/h is a constant also known as the conductance
quantum Gy. Another feature is that the tunnel junction will always have a finite
resistance (1/Gy = h/2e?) even when transmission is maximal (T'(Er) = 1). The
relationship between transmission and Green’s function is the foundation of sev-
eral ab-initio based molecular transport calculations. In this work, we use SIESTA
Density Functional Theory (DFT) software coupled with the TranSIESTA trans-
port code to calculate the transmission spectra and the related properties [46, [47].

1.6 Tunneling: single level model

In single-molecule junctions, the gap between barriers is bridged by an organic
molecule. Now, looking at figure [1.12] (b), an electron incident from one of the
electrodes is transmitted non-resonantly through a frontier molecular level.
Transmission with respect to energy is similar to the one we derived for trans-
mission to a barrier in equation [1.25] The energy of the conducting molecular
resonance measured from the Fermi level (Er = 0) is €g. The I';, and I'g are the
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Figure 1.12: a) A prototypical single-molecule circuit. b) Illustration of molecular
discrete energy state coupling to the metal Fermi level.

scattering rates of the molecule to the left and right electrodes, respectively. The
transmission as a function of energy is given by,

4T TR
(E — 60(V))2 + (FL + FR)2
The above equation [1.59] is called the Breit-Wigner formula. Transmission
is a Lorentian where ¢y(V') gives the peak position, and width is determined by

coupling to the electrodes I';, and I'g, usually, transmission is calculated at zero
bias (V = 0).

T(E,V) = (1.59)

1.7 Transmission calculations

The single-level model is a simple case where the electron transmission is hap-
pening through a single energy level. In real systems such as molecular junctions,
there are many energy levels, and the transmission spectrum is calculated from
Green’s function and coupling to the electrodes as given in equation [1.57. The
Green’s function is calculated in terms of the device Hamiltonian (H,) and self-
energies (X, and ¥p) as shown in equation[1.38] The device Hamiltonian includes
the geometry of the molecule and surface layers. The self-energies represent the
electrodes as semi-infinite contacts, which is a simplification used to calculate the
transport of molecular junctions. The simplification is called wide-band approx-
imation, which assumes that the detailed description of the electronic structure
of the leads is not vital for the transport calculations, which simplifies the com-
putation.
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1.8 Electronic structure calculations

In the previous section, we outlined the methods to calculate the electron trans-
port properties of the single-molecule junction. We need to describe the electronic
structure of the single-molecule junction to determine the Hamiltonians and sub-
sequently Green’s function. There are various methods to calculate the electronic
structure. First, we will discuss the tight-binding method, which is an approxi-
mate but easily accessible and intuitive method to understand the physics behind
the molecule’s electronic structure connected to the electrode. To develop a more
accurate description of the electronic structure, we need DFT. We will see the
DFT in the section after the tight-binding method.

1.9 Tight binding model

In a tight-binding model, electrons are represented by localized orbitals, where the
electrons are confined around the atomic centers (nuclei). The main advantage
of the tight-binding model is the simplicity of the model, and for example, a
meaningful physical picture can be obtained from a simple model in which we
consider only one 7 electron per atom. The Linear Combination of Atomic Orbital
(LCAO) is a popular localized orbital method in quantum chemistry to calculate
molecular electronic structure. In this method, the Hamiltonian H of a system is
constructed with the atoms given by their positions R;. The diagonal elements
of H are the onsite energy of the orbitals, and off-diagonal terms constitute the
hopping term or interaction energy between the orbitals. The elements of H can
be obtained either from many approximations such as fitting experimental data
or other theoretical calculations.

We consider free electron model, ie., there is no electron-electron interaction.
In the LCAO approach the single particle Hamiltonian using the tight-binding H
approach takes the following form,

H =) Hiaslia) (GBI, (1.60)
ij,af3
where |ia) is the localised orbital a. The localized atomic orbital around site
R; is, ¢i0(7) = ¢o(r — R;). For an isolated molecule, the wavefunction in a tight-
binding representation can be determined as a combination of atomic orbitals.

U(r) = Z[;Cz‘a,jﬂ%,@(m» (1.61)

where c¢;o ;5 is the wavefunction coefficient. Subsequently, we get the following
equation to determine the coefficients,

Z [HmJﬁ — ESmJg] Cia,jﬁ = O, (162)
Jp
where E is the energy, and S is the overlap matrix between the states |ia)
and |j5). The eigenvalue and eigenvectors of equation give us the energies
of molecular state and wavefunction coefficients of atomic orbitals at the corre-
sponding states. The solution of the equation can be obtained with the following
matrix determinant form,
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det(H — ES) = 0 (1.63)

In any electronic structure calculation, the matrix dimension equals the num-
ber of orbitals we consider to represent in the system. The electronic structure
of a small molecule can be analytically solved using the tight-binding model. We
will consider a benzene molecule with six carbon atoms in the following example.
We use a simplified basis set of one 7 electron per orbital.

1.9.1 Benzene: molecular orbitals

Let us assume a benzene molecule as a hexagon with each vertex representing
a carbon atom with energy ey as shown in figure a). We consider one w
orbital per carbon site, a carbon site is interacting only with the two neighboring
carbon atoms via a hopping term t. The off-diagonal neighbor interaction H;; is
a bonding term which is negative, therefore, use ¢ > 0 and we write H;; = —t.
We consider an orthonormal basis i.e, S;; = d;;. Following equation the
molecular states and molecular orbitals are obtained by solving the following
secular determinant,

€0 — E —t 0 0 0 —1
—t € — F —t 0 0 0
0 —t € — F —t 0 0 B
0 0 —t 6 — F —t 0 =0 (1.64)
0 0 0 —t € — F —t
—t 0 0 0 —t €) — E
Solving the eigenvalues of the molecule are,
E1 = €y — 2t
Eo=F;=¢—t
2= T (1.65)

E4:E5:€0—|—t
E6=60+2t

The molecular orbitals or the eigenvectors of the corresponding states are,

¢1 = 7(|1>+|2>+|3>+|4>+|5>+|6>)
¢ = 7(|2>+!3> 5) — 16))
¢3 = \/11—(2 1) +12) + 13) — 214) — [5) — [6))
| (1.66)
¢4 = ﬁ(! ) —13) +15) — 16))
1
¢5 = 7(2 1) = [2) = [3) +2]4) — [5) — |6))
1
¢6:%(| ) = 12) +13) = [4) +[5) — |6))
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Figure 1.13: a) Benzene molecule represented as a hexagon, each corner is a
carbon site b) Molecular orbitals and energy level diagram of benzene obtained
with onsite energy ¢y = 0 and hopping energy t = 1. The solid circles on the
hexagon are positive, and the hollow circles are the negative amplitude of the
wavefunction. Red dashed lines show nodal planes.

Even this simple tight-binding model gives us an insight into many valuable
features of the electronic structure. We can see from b) that the confinement
is similar to what we saw in the example of a particle in a box. The red dotted line
denotes the nodal planes of the molecular orbitals. State |1) has zero nodal planes.
The highest occupied molecular orbital |2) |3) (HOMO) and lowest unoccupied
molecular orbital |4) |5) (LUMO) are both doubly degenerate in benzene. HOMO
states have one nodal plane, and LUMO states have two nodal planes. The highest
energy state |6) has three nodal planes.

From the analytical solution of the benzene molecule, we can see that tight-
binding is a valuable tool for understanding the molecular electronic structure
with simple approximations. However, we use DFT for a more accurate descrip-
tion, where all the parameters are calculated from the first principles.

1.9.2 Benzene: transmission spectra

Electronic structure calculated from a simple tight-binding model can be used to
understand many physical properties. We will mention one such property in this
section. Several quantum phenomena appear due to the quantum nature of the
electrons. An example is a quantum interference (QI). We illustrate it here by
changing the attachment points of benzene. In cyclic molecules, we can see the
suppression of transmission at certain energies. This phenomenon is known as
quantum interference. We calculated the destructive quantum interference (DQI)
feature by theoretically changing the connectivity of a molecule to the electrode.
We calculated transmission spectra for benzene molecule with equation [1.57] we
used the simple tight-binding Hamiltonian similar to equation [I.64 We calculate
the retarded Green’s function by following the equation [1.38] as,

22



E—e+i —t 0 0 0 -t
—t  E—¢ -t 0 0 0
B 0 ~t E—e  —t 0 0
Ga(E) = 0 0 —t E—etiE —t 0 . (1.67)
0 0 0 —t  E—¢ -t
L —t 0 0 0 -t FE— €0

where ¢y and t are the onsite energy and hopping term respectively. In the
simplest approximation, the self-energies of left and right electrodes are described
by a constant imaginary term X p = —irg’R added to the onsite energy of contact
atoms. In equation the Green’s function for benzene molecule with linkers
at para position is shown, the self-energy term is added to the carbon atoms
at 1,4 position of the molecule. Similarly, the Green’s functions of ortho and
meta connections are calculated by adding the self-energy terms to the respective
contacts.

Using the equations and we calculated the transmission spectra for
ortho, meta, and para configurations of the benzene molecule. The interaction
with the neighboring atoms is set as t = 1 eV, and the onsite energy of the
atoms was set to zero (ep=0). Same coupling parameter was use for left and right
electrodes (I'p, g = 0.5 €V). The three possible connectives of a benzene molecule
to two electrodes are meta, para, and ortho configurations. The transmission
spectrum of the molecule connected at the meta position shows DQI at E = 0 as
shown in figure [1.14}

Ortho
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Figure 1.14: Transmission spectra plotted using equation [1.57 Hamiltonian of
the molecule is from the tight-binding model show in equation [1.64} The molecule
is connected to the electrodes via meta, para and ortho positions.

The tight-binding approach is computationally efficient. However, the accu-
racy of these calculations depends on the quality of the parameters we use in
the calculation. The parameters can be obtained from experiments or ab-initio
theory calculations such as DFT.
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Destructive quantum interference (DQI)

The presence/absence of DQI features in the transmission spectra of the con-
jugated systems is widely studied in the literature. Several guidelines based on
graphical rules [48], connectivity and phase of wavefunction coefficient at
contact point have been proposed to predict the DQI features. The graphical
rule of Markussen et al. [48] predicts where DQI features can be expected. In
the Markussen et al. graphical rule, the contact points are connected by a con-
tinuous path and the remaining sites are paired. If a connection or paring is
not possible for a particular site, the DQI feature appears. In figure [I.15] we
see that in molecules CC1 and CC2, there is an isolated site marked by a green
spot leading to quantum interference. For molecule CC3, all the sites can be
either connected or paired; therefore, no DQI feature appears. Those findings are
supported by DFT calculations. Since then, the graphical rule was tested and
proved in various systems, notably in thiophene molecule [50-53]. The molecular
orbital rule predicts the presence/absence of DQI feature with the relative phase
of HOMO-LUMO orbitals [54,55]. The molecular orbital rule and its implications
are discussed in detail in chapter 5 of this thesis.

o A A

0 0
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Figure 1.15: Molecular structures (top), graphical rules applied to the molecules
(middle), and transmission plotted as a function of energy by tight-binding and
DFT calculations (bottom)/ Color code of the transmission functions, CC1 (red),
CC2 (dotted blue) and CC3 (dotted black). According to the graphical rule
the green circle denotes the unpaired atom which results in DQI feature. The
graphical rules correctly predicts DQI feature in CC1 CC2 and no DQI in CC3.
The figure is taken from [48].
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1.10 DFT based calculations

Though the tight-binding model gives us valuable information, the parameters for
the method are obtained from fitting the experimental results or other theoretical
approaches. Through DFT, we will see an ab-initio method to calculate the
electronic structure.

Before we arrive to the formalism of the DFT, we should first briefly summa-
rize the approximations led to the development of DFT. The mass of nuclei in
an atom is much higher than the mass of the electrons. As a result, the ions are
static in the time scale relevant for electrons. This assumption is called the Born-
Oppenheimer approximation. Applying the Born-Oppenheimer approximation
the solution to Schrodinger equation of a free electron gas becomes,

N M
HU =Y h—qu ZZI|\1/>

s\ 2m =i — Ry
M M 1 N N 2 (1.68)
Z > 52>, —V=ET,
=1J>I RU 2 i j>i g

where r, R are the electrons and nuclei, respectively, and their total number is
denoted as N and M. In[1.68] the first term is the kinetic energy of the electrons
T, and the second term accounts for the attractive electrostatic potential U/ en(7)
due to nuclei. The third term is the nuclear repulsion U ~e- The last term is
the electron-electron interaction U/ ce(T). The method to obtain the exact value
of this term for any realistic system is unknown until now. The solution to this
equation is only possible for a few atoms. Hence, there are several approximations
proposed based on physical ideas to solve realistic systems with several atoms.

We can simplify the problem by assuming that an electron is placed between
averaged distributions of the other electrons. This reasonable approximation leads
to a physically meaningful and computationally viable solution. For an electron
r, the interaction with the density of other electrons p is given by the potential
term,

~ - 1
Ou(F) = —e / dr'p(r') T (1.69)

where the total electronic charge density p is obtained by summing the wave-
function probability over all the occupied states. It is given as,

7) = —e X [P (1.70)
Substituting into we get a set of equations of the following formn,

HU = T(F)V + Uy (F)U + Una(F)Y + Ualp]¥ = BV (1.71)

Total energy for the N electron system (we will not state the term Une from
hereon) is written commonly as,

E =T(7) + E.n(F) + Eq(7) (1.72)
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The set of equations [1.71]is called the Hartree equations. The Hartree equa-
tions are solved in an iterative method. An initial form for the potential term U el
is guessed to obtain the wavefunctions (7). From the calculated wavefunctions
¥;(F) a new U, is calculated, the procedure is repeated until two consecutive
iterations do not change the potential significantly.

The variational principle provides the lowest energy solution of the equa-
tion.68 It states that the energy computed from guessed wavefunctions are
upper bound to the real ground state solution Ey. The true ground state ¥, of
the initial wavefunction ¥ is found by minimizing the expectation value of the
energy,

(V| H )

B = gy (1.73)

(U] H ) = /\IJ*H\IJd:r;

Ey = min E[¥] (1.74)

v—N

N is the number of electron wavefunctions, and the variational principle pro-
vides a method to calculate the ground state energy as a function of wavefunc-
tions. Other properties, such as ground state wavefunction ¥y, electrostatic po-
tential, etc., can be extracted from the ground state energy configuration.

Hartree equations are numerically complex to solve. DFT uses the electronic
density p to calculate all the terms of the electronic Hamiltonian.

Density Functional Theory

The electron density p(7) gives the probability of finding an electron around the
region (7). It has the following properties a) the likelihood of finding an electron
at infinity is zero b) the integral over the entire volume gives the total number
of electrons. Electron density is a measurable quantity in experiments such as
STM, diffraction experiments, etc., The solution to the N-electron wavefunction is
complex to solve with equation[I.72] The idea of calculating the total energy only
with the electron density marked the beginning of DFT. The Kohn-Sham equation
assumes that the exact ground state density can be obtained from the ground
state density of non-interacting particles. This gives us a set of numerically
solvable independent equations. The ground state energy of a N electron system
can be written as,

HY = T(p) + Uen(p) + Ualp) (1.75)

The contributions to the total energy is written as,

Ey =TIp] + Eenlpl + Eaulp] (1.76)

The second term of equation [1.76|is the potential felt by the electron due to
the attraction from the nucleus, which is simpler to calculate. It is given as,

Eenlp] =) Zip(T). (1.77)



Furthermore, Kohn and Sham suggested that the kinetic energy of the fully
interacting particle can be calculated from the density of a non-interacting system.
Thus Ty is,

Tslp] = Z<

=1

il — ;AQ ) (1.78)

p(7) = ; (),

where 1; is the non-interacting particle wavefunction. The third term E
(electron-electron interaction) can be split into its classical Coulomb J[p] and
quantum F[p] contributions.

Ealp] = Jlp] + Eee[p] (1.79)

The Coulomb term J[p] is straightforward to calculate. Whereas the exact
solution for quantum electron-electron interaction E,; is not known for realistic
systems. Several approximations are proposed to account for the E,; and another
unknown term; we will discuss these approximations briefly in this section. All
the unknown terms are refereed commonly as exchange-correlation energy Exc.
Now the final Kohn-Sham equation is,

Exslp] = Ts[p] + Eenlpl + Jlp] + Exclp] (1.80)

Exclp) = Tlpl = Tslp] + Eeelp] — JIp] (1.81)

Finally, in Kohn-Sham DFT, the system’s ground state energy is calculated
using the variation principle.

Ey = min (Ts[p] + Een[p] + J[o] + Exclp]) (1.82)

The exact solution for the exchange-correlation energy Ex¢ is not known. We
will briefly discuss some commonly used functional used to approximate exchange-
correlation energy.

LDA

The local density approximation (LDA) is the basis of all approximations to the
exchange-correlation (Ex¢) term. The LDA is based on the uniform electron gas,
which assumes that the electrons move on a positive background charge such that
the total ensemble is zero. In LDA, the (Ex¢) can be written as

Bxo = [ pFexc(p())dr

exc is the exchange-correlation energy of a uniform electron gas of density
p(7). The quantity exc can be split into exchange and correlation contributions,

exc(p(F)) = ex(p(7)) + ec(p(7))
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The exchange part ey, is the exchange energy of an electron in a uniform
electron gas of a particular density, was originally derived in 1920’s by Bloch and

Dirac. It is given by,
3 <3p(7)>1/3
ex=—|——
4 s

The explicit solution for the correlation part e- is not known. However, nu-
merically accurate quantum Monte-Carlo simulations of the homogeneous elec-
tron gas are available. Various authors have presented analytical expressions of
correlation terms based on sophisticated interpolation schemes.

Let us briefly mention the accuracy of LDA. Bond lengths calculated with
LDA are accurate. However, the ionization energies and adsorption energies cal-
culated with LDA are less accurate. The accuracy of LDA is insufficient for phys-
ical chemistry systems such as single-molecule junctions. The molecule electrode
interactions calculated by LDA are often imprecise. The first step beyond the
local approximation is a functional based on the gradient of the density (Vp(7))
called generalized gradient approximation (GGA).

GGA

The most commonly used exchange-correlation functional in DFT is GGA. Using
GGA and bond lengths, the adsorption and dissociation energies are calculated
with much better accuracy than LDA. In GGA, the gradient of the electron den-
sity is also used to calculate the exchange-correlation energy, and the functional
modifies the behavior at large gradients such that the desired properties are pre-
served. The GGA functional is the workhorse of current DFT, and they can be
written as,

ESGA ) = [ 1lp, Vo), (1.83)

where Vp represents the gradient of the density. In GGA Ex¢ is divided into
its exchange Ex and correlation E¢ term during implementation. The exchange
part can be written as,

EGCA = gLPA L ¥ /F 50) 03 (F)dF (1.84)
o=T,1
The argument of the function F is the reduced density gradient for spin,
V0o (7)]

There are several implementations of GGA available. Perdew, Burke, and
Ernzerhof propose the one we use in this work, also known as GGA-PBE func-
tional [56].

In general, GGA based functional proved to reproduce various physical prop-
erties such as electron density, periodic distribution to a reasonable accuracy.
Additionally, GGA functional is faster compared to advanced hybrid functionals.
Hence, GGA is used in this work for most systems.
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Hybrid functionals

The exchange contributions are usually larger than the correlation effects. An
accurate expression for exchange terms is more vital to obtain meaningful DFT
results. Therefore, it is important to know that the exchange energy of a Slater
determinant can be calculated precisely within the Hartree-Fock (HF') approxi-
mation. Hybrid functionals use a combination of orbital-dependent Hartree-Fock
and an explicit density functional to calculate the electronic structure. Hybrid
functional are the most accurate functional to calculate energies and are the
method of choice for quantum chemical simulations.

To get closer to the exact Ex¢ values, the calculation of the exact exchange
term is necessary as it is usually much higher than the correlation term. A hybrid
functional calculates the exchange term with the orbital-dependent Hartree-Fock
method, and correlation energy is calculated using density methods such as GGA.
The energy of hybrid functional can be written as Ef%,

1
Ext = (R + Bx") (1.86)

Hybrid functionals provide many physical properties more accurately than
semi-local functionals such as GGA. Some of the features we calculate using
hybrid functionals are binding energies, molecular ring current, and potential
surface. The parameters for hybrid potentials are obtained by fitting experimen-
tal results. However, the Hartree-Fock term of the exchange is inadequate in
computing free-electron gas. Hence, the usage of hybrid potential is limited to
isolated molecules.

In this work, we used B3LYP hybrid functional for the calculation of several
isolated molecules and metal complexes. BSLYP includes a combination of LDA,
exact exchange, and the correlation functional of Lee, Yang and Parr. Their
mixing weight was obtained by fitting to a set of atomization and ionization
energies, proton affinities, and total atomic energies.

1.10.1 An example: DFT-based transmission through
naphthalene

In the previous chapters, we briefly introduced several concepts related to quan-
tum tunneling. Through the example of a particle in a box, we illustrated dis-
crete energy levels of quantum particles, the degeneracy of wavefunctions, and
the nodal pattern of wavefunctions. Subsequently, we illustrated the tunneling
of an electron through a potential energy barrier showing exponential decay in
transmission for a barrier with a height greater than the particle’s energy. The
double barrier derivation showed that the transmission of electrons is enhanced
greatly when the incident electron’s energy is in resonance with the molecular
energy level.

We connect the basic concepts previously introduced with DFT-NEGF meth-
ods, discuss transmission through a naphthalene molecule. We calculated the
electronic and transport properties of a naphthalene molecule. Naphthalene is a
molecule with two aromatic rings shown in figure ) The electronic energy
levels of the electrons inside the naphthalene molecule were calculated using DF'T
with GGA. The energy levels of the naphthalene molecule and the corresponding
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Figure 1.16: a) Atomic structure of naphthalene molecule. b) Energies and wave-
functions of five occupied and three unoccupied 7 molecular orbitals.
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lene molecule (red) and without molecule i.e, a vacuum gap (black). The Fermi
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wavefunctions are shown in figure[1.16] This section focuses on the wavefunctions
with m symmetry as these determine transport characteristics. The number of
nodes of the wavefunctions increases with the increasing energy. The HOMO and
LUMO are the two important wavefunctions as the low-bias transmission will
happen non-resonantly via one of those orbitals.

The molecule, when coupled between the electrodes, will act as a potential
barrier. To visualize this, we have embedded the naphthalene molecule between
two gold electrodes through -CN (nitrile) linker groups on either side. Using
DFT, we calculated the potential energy of the single-molecule junction. We have
plotted the potential energy along the z-direction (red) along with the potential
energy of the junction without the molecule (black) as shown in figure [1.17] The
calculated potential energy and the corresponding atomic structure show that in
the region at which the Au electrode terminates, the potential energy is much
higher than the electrode’s Fermi energy (set to zero). In the case in which the
naphthalene molecule bridges the gap, potential energy drops significantly when
compared to the vacuum gap between the tips. In this respect, the molecule acts
as a potential energy barrier to electron transport though it is less insulating
than the vacuum tunneling barrier. We use NEGF calculations to simulate the
transmission through the single-molecule junction.
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Figure 1.18: Transmission spectra of the naphthalene molecule (inset) contacted
by two electrodes on either side. The arrows point to peaks corresponding to
relevant frontier molecular orbitals. This naphthalene junction shows LUMO
derived conductance.

The NEGF transmission spectrum for the naphthalene-based single-molecule
junction is shown in figure [[.18) We can see that the molecular orbitals in fig-
ure b) broaden to transmission peaks in figure , the width of the peak
corresponds to the metal-molecule electronic coupling at the given energy. The
low-bias transmission of the molecule shows that the conductance is derived from
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the tail of the LUMO resonance of the molecule. The figure is similar to the
transmission calculated between the double potential barrier in figure [1.11]

The naphthalene example illustrates how conductance can be simulated from
the DFT-NEGF approximation. The molecule placed between electrodes showed
that the analytical solutions we derived throughout the chapter are related to
DFT results. DFT-NEGF has become the standard methodology to calculate the
transport properties of single-molecule junctions. We will see several interesting
studies of single-molecule junctions using our simulations and our collaborations
with experimentalists.

1.11 Summary of following chapters

We have introduced basic theoretical concepts and some experimental setups of
single-molecule junctions. We also outlined the methods for electronic struc-
ture calculations, which are helpful to simulate various properties of the single-
molecule junction. In the following chapters, we present in detail the different
systems we studied using the theoretical background we established.

Chapter 2 shows our study of a novel donor-bridge-acceptor molecule adsorbed
on a Pt surface. Using theory and simulations, we reveal that the molecule
preserves its donor-acceptor properties even on a Pt surface, which has a high
affinity for electrons. Our study shows the potential of donor-bridge-acceptor
molecules as a good candidate for solar energy applications.

A study of the electronic structure of the smallest carbene molecule on a
Au surface is shown in chapter 3. The novel molecule demonstrates stronger
adsorption than previously known carbene molecules. Ours is the first study of
this new carbene, which shows strong tilted adsorption to Au surface and thereby
a valuable addition to surface science studies.

Our comparison of mechanical and transport properties of different linker
groups for single-molecule junctions is shown in chapter 4. We used a biphenylene
(antiaromatic) based platform to study the mechanical stability and transmission
properties of five linker groups representing five different chemical groups. We
also establish a relationship between mechanical and transport properties based
on the reactivity and conductance of linker groups. Our work proposes a novel
bipodal platform for single-molecule conductance as a design guide for modeling
single-molecule junctions.

Chapter 5 describes our work on the conductance of aromatic-antiaromatic
molecules. We performed the electronic structure and transport characterization
properties of the first stable antiaromatic molecule. Our results show antiaro-
matic molecule to be an order of magnitude more conducting than its aromatic
counterpart. Our work is the first proof of the long speculated theory that an-
tiaromaticity enhances conductance, thus, opening a doorway to following studies
on a new class of conjugated molecules based on antiaromaticity. Subsequently,
we present our work, which generalizes the electronic, and transport properties of
several aromatic-antiaromatic pairs of molecules. We show that antiaromaticity
effectively double p-dopes the aromatic electronic structure. The rules we devel-
oped help to predict the transport properties of antiaromatic (aromatic) pairs of
molecules.
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2. Donor-acceptor molecule on
the Pt surface

2.1 Introduction

Organic solar energy harvesting is enabled by photoinduced energy transfer be-
tween molecules. The three processes involved in organic solar cells are as follows:
i) a photosensitive layer absorbs light and generates excitons upon photoexcita-
tion, ii) an interface separates charge, and iii) the separated charge is moved
through the metal electrode to the external circuitry. A heterojunction consist-
ing of two organic semiconductors with offset energy levels, the donor-acceptor is
effective at separating the tightly bound exciton. For the charge to separate, an
electron must be transferred into the LUMO of the acceptor and leaves a hole in
the donor’s HOMO. The charge separation intermediated by donor and acceptor
unit leads to photoinduced charge generation. If donor and acceptor units are
spatially close to each other, they might electronically hybridize. In addition,
HOMO and LUMO being localized on different parts of the molecule aid this ini-
tial separation between electron and hole. In an efficient solar energy harvesting
device, the donor-acceptor molecule must have excellent charge delocalization,
photoinduced charge transfer, and long charge lifetime properties [57H61]. Sev-
eral studies have shown that introducing a bridging unit connecting the donor
and acceptor units breaks the conjugation between them and provides long-lived
charge-separated states [62], 63].

To build an organic solar cell, a donor-acceptor molecule must be deposited
on a surface that acts as an electrode for carrying the generated charge. Most
studies on donor-acceptor molecules are performed in solution due to difficulty
preserving charge transfer properties on the surface. Usually, when adsorbed on a
surface, the donor and acceptor units hybridize with the metal or with each other,
or the electronic structure is otherwise modified. The few successful STM studies
of donor-acceptor dyads preserving charge transfer properties on the surface were
performed on insulating salt layers[64, [65]. However, an insulating electrode is not
capable of transferring the generated charge to the storage unit. To efficiently
collect the generated charge, the donor-acceptor dyad must be deposited on a
metal substrate. In particular, the metal surface must be conducive to the donor-
acceptor molecule’s favorable mechanical and electronic properties. The high
reactivity of Pt substrate leads to a mechanically robust metal-donor-acceptor
interface. In the literature, Pt has been used as a substrate because of high
malleability, inertness under biological solution, and durability, which are highly
desirable in an organic electronic device [66].

We studied a donor-acceptor dyad on Pt substrate in collaboration with the
chemists and experimentalists from Germany. The donor-acceptor dyad was syn-
thesized by Dr. Lisa Bensch from the group of Thomas J. J. Miiller, University of
Miinster. The molecule was deposited and measured with STM by Dr. René Ebel-
ing from the group of Dr. Silvia Karthauser, Forschungszentrum Jilich GmbH.
We performed DFT calculations of the donor-acceptor molecule on the Pt(111)
surface. We studied the adsorbed molecule by calculating adsorption configura-
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Figure 2.1: Top and side vies of carbazole donor (CB), a phenalenone (HP) accep-
tor, and an aliphatic methylene bridge of CBHP donor-acceptor molecule. Upon
deposition to Pt(111) substrate the -OH group of the acceptor unit dissociates
and the molecule forms an O-Pt bond with a Pt adatom.

tions, electronic structures, and charge transfer properties. Our study is the first
report of a non-planar donor-acceptor dyad on a metal surface.

The donor-acceptor dyad (CBHP) is made of a carbazole donor (CB), a
phenalenone (HP) acceptor, and an aliphatic methylene bridge, as shown in figure
[2.1] The molecule at the gas phase is extremely flexible, and the donor-acceptor
units are electronically well separated without any conjugation between them.
During adsorption, the flexibility of the methylene bridge helps break conjuga-
tion between donor and acceptor units, despite the molecule being mostly flat on
the Pt(111) surface.

In our calculations, we adsorbed the CBHP molecule on Pt(111) surface. Since
Pt(111) is a new surface, different from Au(111), we first benchmarked the elec-
tronic properties of Pt.

We calculated the lattice constant and electronic structure of bulk Pt with
pseudopotential provided by Rivero et al. [67]. In their work, the pseudopo-
tential was validated with all-electron DFT calculations. We initially considered
the default SIESTA pseudopotential for Pt and found that it did not properly
reproduce the low energy band structure. Additionally, the STESTA default pseu-
dopotential resulted in a lattice constant of 4.22 A, which was significantly higher
than the Pt lattice of 3.92 A reported in the literature [68]. Using the Rivero et
al., pseudopotential we found an improved lattice parameter (4.01 A). By com-
paring the band structures from both pseudopotentials, we found that the Rivero
et al. pseudopotential significantly improves the electronic dispersion, as shown

in figure
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Bulk Pt has an onset of d-band around Fermi energy as shown by the density
of states in figure 2.2l The d-band plays a vital role during the adsorption of
molecules on the Pt surface. Therefore, it is important to describe this well
because the high density of states around Fermi energy indicates high reactivity
of the Pt surface. Consequently, the CBHP molecule forms a strong electronic
hybridization to the Pt(111) surface.

T~

Energy (eV)

N7

0 1 2 3
PDOS (a.u)

Figure 2.2: Band structure (left) and projected density of states (right) plots
of bulk Pt calculated using the SIESTA default pseudopotential (red) and the
pseudopotential obtained from Rivero et al., [67] (black). Rivero et al., pseu-
dopotential provides an improvement on the electronic dispersion.

Having properly described the Pt electronic structure, we then studied the
CBHP molecule’s adsorption on the Pt(111) surface. The acceptor unit of the
molecule has two oxygen atoms, and a hydrogen atom saturates one of the oxygens
to form a hydroxyl group as seen in 2.1} The HP acceptor unit is known to form
multiple stable complex structures with metal atoms [69]. In STM experiments
by our collaborators, a pronounced blob-like feature was observed on the side of
the acceptor unit. We hypothesize that the feature comes from the -OH group
dissociating and forming an O-Pt bond on Pt(111) surface. We term the CBHP
molecule bonded to the Pt adatom as CBHP-Pt complex. In our calculations, we
examined the geometry of the adsorbed molecule and found that the CBHP-Pt
complex formation hypothesis was accurate.

The flexibility of the CBHP molecule might lead to several adsorption config-
urations on the surface. Using DFT, we optimized the CBHP-Pt complex with
50 different initial configurations on the surface to explore the possible config-
urations. We use vdW-DF exchange-correlation functional, which features an
accurate description of vdW dispersion interaction. We found several possible,
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stable adsorption geometries for the CBHP-Pt complex. From their relative en-
ergies and by comparing the STM experiments, we identified two configurations.
ConA is marked with a blue arrow and ConB with a red arrow in figure [2.3]
Both ConA and ConB are the two most energetically favorable configurations,
ConA being slightly more favorable than ConB. However, kinetic trapping during
the deposition process makes both ConA and ConB appear significantly on the
surface.

We simulate the constant current images of ConA and ConB from the local
density of states (LDOS) within the Tersoff-Hamann approximation [70]. In both
ConA and ConB, the acceptor and donor units are closer to the surface due to
strong covalent bonds to the substrate and appear dark in simulated images.
In contrast, the bridge unit is mechanically and electronically decoupled from
the surface and appears brighter. The bride unit in ConB is brighter than in
ConA. The features from our simulated STM images are in good agreement with
experiments.
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Figure 2.3: CBHP molecule consisting of carbazole donor and phenalenone accep-
tor units seperated by a methylene unit. When deposited on a Pt(111) substrate
the CBHP molecule forms two distinct configurations, ConA (top) and ConB
(bottom). The figure was taken from the TOC figure from the article [71].

Our study investigates the evolution of molecular states from the gas phase
to the substrate through PDOS and LDOS plots. The spectral features of the
adsorbed CBHP-Pt complex are significantly broadened and shifted in energy,
indicating high electronic hybridization with the Pt substrate. From PDOS and
LDOS plots, we concluded that the donor-acceptor character of the CBHP dyad is
modified on the Pt(111) substrate as expected. We examined the electrostatic po-
tential and charge density difference to evaluate the change in the donor-acceptor
character of the CBHP dyad. This analysis showed that the conformational dif-
ference between ConA and ConB does not influence the electrostatic potential
distribution. Furthermore, the electrostatic potential of the molecule scales down
but was identified on the surface. The analysis revealed that both donor and
acceptor units donate electrons to the substrate through strong covalent bonds.
However, the donor-acceptor character is (although reduced) still preserved upon
surface adsorption.
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Our results suggest that the CBHP molecule adsorbed on a Pt(111) metal sub-
strate retains many donor-acceptor characters. Our study demonstrates that a
carbazole and a phenalenone derived donor-acceptor dyad separated by a methy-
lene bridge on a Pt(111) surface is an exciting candidate for organic energy har-
vesting devices.

2.2 My contribution to the article

I performed the theory and simulations related to this work. The geometries
were optimized in DFT calculation using vdW-DF functional [72]. I developed a
Python script to broaden the simulated images to account for the experimental
broadening due to the STM tip. A moderate Gaussian width of 0.25 A was used
in the script. The article’s figures were produced in collaboration with René
Ebeling (experiments).
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Donor-acceptor molecules are a subject of great attention due to their immense potential in molecular
electronics and photovoltaics. Despite numerous extensive studies demonstrating their functionality in
solution, the donor—acceptor character is usually lost upon adsorption on a conducting substrate. Here
the concept of breaking the conjugation between the donor and acceptor unit by insertion of a bridge is
used. Furthermore, the bridge introduces a kink into the dyad and thus, reduces the possibility of
hybridization with the substrate. A donor—bridge—acceptor dyad composed of carbazole and
phenalenone units joined through a flexible bridge is synthesized and deposited on a Pt(111) surface. Its
electronic properties are investigated with a combination of low temperature scanning tunneling
microscope measurements and density functional theory simulations. Two preferential adsorption
configurations are identified, in which individual molecules form strong bonds to the substrate and to
a Pt adatom. Differential conductance measurements and atomistic simulations evidence the
preservation of a reduced donor—acceptor character upon adsorption of the molecule, where this
reduction is ascribed to the strong molecule-metal hybridization. Our results highlight the changes in
donor—acceptor character of the dyad induced by the substrate and provide guidelines for the use of
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1. Introduction

An increased interest and manifold activities in the research
field of donor-acceptor dyads are motivated by their electronic
and optoelectronic properties which render possible to use
them as memory devices, sensors, organic solar cells* or organic
light emitting diodes.”? Donor-acceptor dyads enable intra-
molecular electron transfer induced by thermal, electrical or
optical stimulation and often show fluorescence or sol-
vatochromism.*” However, the application of donor-acceptor
dyads in advanced devices requires a careful molecular design
regarding the efficiency of electron transfer and the lifetime of
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donor-bridge—acceptor molecules as functional units in solid-state devices.

the charge separated state. Several factors have been suggested
to enhance the quantum yields and lifetimes in the charge
separated states, such as spin restriction rules, conformational
gating, and orientation effects. These concepts have success-
fully been applied to develop highly efficient dyads with long-
lived charge separated states showing that the bridge medi-
ating the charge transfer in donor-bridge-acceptor systems has
a pronounced effect upon the charge transfer kinetics.*”
However, usually these studies are performed on molecules in
solution.

To date, only a few studies exist which characterize groups or
single donor-acceptor dyads deposited on solid surfaces by
scanning probe methods that have the potential to reveal the
intrinsic molecular properties with sub-nanometer resolution.
It was found, that the theoretically predicted spatial localization
of the frontier orbitals in donor-acceptor dyads, based on ab
initio modeling of isolated molecules, could be observed
experimentally if the dyads were electronically decoupled from
the metallic substrate by an insulating layer.'>'* On the other
hand, the direct adsorption on metallic substrates or the
formation of chemical contacts to metal atoms, which is
a fundamental requirement for the application in functional
devices, is expected to change the intrinsic molecular proper-
ties."»** Therefore the preservation of the donor-acceptor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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character after adsorption of a dyad and forming a chemical
contact to a metallic electrode remains a challenge.

Recently, we studied a non-planar naphthalene diimide
(NDI) derivative in contact with a Pt(111) electrode using low-
temperature ultra-high vacuum scanning tunneling micros-
copy (LT-UHV-STM) at the single molecule level.** Here,
a phenyl group is forced to adopt an out-of-plane coordination
by a methylene bridge, which links it to the NDI acceptor. Thus,
the phenyl group is decoupled from the substrate as well as from
the NDI acceptor. However, the inspection of dyads composed of
donors and acceptors, both with an extended m-electron system,
indicates that larger donor groups cannot easily be forced to exhibit
an out-of-plane coordination. Therefore, in this work, we investigate
an especially designed non-planar donor-acceptor dyad with
a bridging unit. The employed dyad is composed of a carbazole and
a phenalenone derivative used as donor and acceptor, respectively.
Hereby, the 9-hydroxy-1H-phenalen-1-one (HP) acceptor shows
attractive opportunities like the formation of a stable radical anion,
interesting photophysical characteristics and it is employed as
a ligand in multiple stable metal complexes.*>*® Recently 5-(hetero)
aryl substituted conjugated 9-HP dyads were successfully synthe-
sized in a modular fashion and their ensemble electronic ground
and excited state properties were studied in detail."” However, here
the delocalized donor and acceptor 7-systems of the studied 5{4-
(9H-carbazol-9-yl)benzyl[-9-hydroxy-1H-phenalen-1-one (CBHP) are
separated electronically by an aliphatic methylene bridge which
introduces a twist angle between acceptor and donor and breaks
the conjugation. In the following, single CBHP molecules will be
analyzed on the Pt(111) surface by high-resolution STM in order to
reveal their exact conformation and thus, their adsorption behavior.
By analyzing the spatially resolved topographic and electronic
features of this donor-bridge-acceptor dyad in comparison to
Density Functional Theory (DFT) calculations we reveal two on-
surface geometries characterized by the lateral extension of the
donor and acceptor 7-electron systems. We will show that adsorp-
tion on metallic surfaces induces a reduction, though not loss, of
intrinsic molecular properties including the donor-acceptor
character.

2. Results and discussion
2.1 Chemical synthesis of CBHP

The title compound CBHP was synthesized in a five-step sequence
starting from carbazole (1) (Scheme 1). First, carbazole (1) was
coupled with p-bromobenzaldehyde (2) under Ullmann condi-
tions™ to give 4-(9H-carbazol-9-yl)benzaldehyde (3) in 60% yield.
The aldehyde was transformed to the benzyl alcohol 4 by sodium
borohydride reduction in 83%, which was in turn reacted with PBrz
to give benzyl bromide 5 in 99% yield. The benzyl bromide 5 was
then transformed into the organozinc bromide-lithium chloride 6
by a literature known protocol,*** which was directly submitted to
Negishi coupling with 5-bromo-9-hydroxy-1H-phenalen-1-one (7) to
give the dyad CBHP in 72% yield over two steps.

The fluorescence of the dyad is minimal and can be detected
with a fluorescence quantum yield @ < 0.01 at 461 nm. More-
over, in the electronic ground state, as investigated by cyclic
voltammetry, an electrochemically reversible one-electron

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Five-step synthesis of CBHP. (a) Cu (0.70 equiv.), K,COs3
(2.2 equiv.), [18]-crown-6 (0.14 equiv.), 1,2-dichlorobenzene, 185 °C,
3d, 60%. (b) NaBH, (1.20 equiv.), MeOH, 20 °C, 3 h, 83%. (c) PBrs (1.00
equiv.), THF, 20 °C, 23 h, 99%. (d) LiCl (1.12 equiv.), Zn (1.52 equiv.), 1,2-
dibromoethane (0.35 equiv.), MesSiCl (0.35 equiv.), THF, 20 °C, 18 h. (e)
10 mol% Pd(OAc),, 10 mol% SPhos (2-dicyclohexylphosphano-2’,6’-
dimethoxybiphenyl), THF, 65 °C, 24 h, 72%.

o1 — 1290 mV, as well as an electro-

0/—1

oxidation is found at E,
chemically reversible one-electron reduction at E,
—1160 mV. From these redox potentials, an Ey, transition Aeye =
453 nm, and a mean donor-acceptor distance rpy = 0.82 nm,
a Gibbs free enthalpy of photoinduced electron transfer AGpgr
= —0.487 eV can be estimated by the Rehm-Weller
approximation.*
&2

— Erea —AEy — T—— ®

AGpgr = Eo,
* 41Te €, DA

2.2 Structure and topography of CBHP

Sublimation of CBHP from powder onto a clean Pt(111) surface
leads to reproducible surface coverages controlled by duration
and temperature. Using LT-UHV-STM we could identify single
intact CBHP molecules in two different recurring structures,
which we denote ConA and ConB, as well as a few molecular
fragments. High resolution images of CBHP in both configu-
rations are given in Fig. 1la and b. A large-scale image of
a prototypical Pt(111) surface covered with CBHP is given in
Fig. S1 (ESIf). The CBHP molecules exhibit no directionality
with respect to the principal directions in the Pt(111) plane,
which reflects the adsorption behavior of a non-planar,
unsymmetrical molecule with three freely rotatable single
bonds in the gas phase. Nevertheless, by means of the adsorp-
tion process the multiple degrees of freedom of the gas phase
molecule (see red arrows in Fig. 2b) are reduced and the pro-
chiral center located at the methylene linker becomes a chiral
center in combination with the surface. This is reflected by the
existence of the adsorption conformations ConA and ConB also
in their mirror forms, that is, ConA’ and ConB/, like shown
exemplarily for ConA’ in Fig. S1 (ESIT). Moreover, due to the on-
surface reduced rotational degrees of freedom of the single

Nanoscale Adv,, 2021, 3, 538-549 | 539
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ConA

ConB

Fig. 1 Comparison of the two adsorption configurations of CBHP,
ConA and ConB. (a and b) High resolution STM images (Upias = 50 mV,
lset = 200 pA, scale bar = 1 nm). (c and d) Geometries of the CBHP—Pt
complex on the Pt(111) surface corresponding to local minima from
DFT calculations, where the Pt adatom has been highlighted from the
substrate. (e and f) Simulated constant-current STM images around Eg.

bonds to the methylene linker and the need to provide enough
space for the phenylene hydrogen atoms, the kink between the
donor and the acceptor group only holds values from 140° to
160° deduced from 20 molecules adsorbed on Pt(111). However,
the existence of this range of values points to multiple, nearly
energetically equivalent rotational conformers of CBHP on
Pt(111).

The two recurring adsorption configurations of the CBHP
molecules (Fig. 1) exhibit the same general shape. They are
identified as an elongated structure of 2.3 nm, a value which is
in accordance with the dimension expected from the chemical
structure given in Scheme 1. Three of the four main parts of the
STM images can be identified by comparison of the orbital
resolved structure with the chemical structure of CBHP. For
both configurations we find from left to right in Fig. 1a and b,
the rather flat HP acceptor, the brighter bridge unit (methylene
and phenylene groups) which is the source for the conforma-
tional flexibility in the molecule, and the almost planar CB
donor group. While the acceptor exhibits a width of only 0.9 nm
perpendicular to the long molecular axis, this width amounts to
1.0 nm for the donor part (for details see ESI Fig. S2 and S37).
However, the single separated bright spot to the left of the
acceptor cannot be explained in this way. Its position indicates
an interaction with the HP group, but it is clearly not an orbital
feature of CBHP. Indeed, each CBHP molecule observed on the
surface shows this spot next to HP. Since HP is known to form
multiple stable complex structures with metal atoms,'>'® we
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hypothesize that deprotonation of the hydroxyl group and
subsequent complexation leading to a CBHP-Pt complex takes
place during adsorption of CBHP on the Pt(111) surface.
Calculations for both conformers indicate that the adsorbed
CBHP-Pt complex plus an individual H atom is more stable
than the adsorbed CBHP plus an individual Pt atom by
approximately 3.3 eV, thus supporting the formation of CBHP-
Pt complexes. The Pt atoms might originate from adatoms
diffusing on the surface or even substrate atoms extracted from
the surface, since Pt(111) surfaces tend to reconstruct under the
influence of adsorbed molecules.”***

In order to verify this CBHP-Pt complex formation hypoth-
esis during adsorption and to evaluate the CBHP/Pt(111)
interface interactions, we performed thorough DFT calculations
including van der Waals interactions on this molecular system.
These calculations lead to a variety of adsorption geometries of
CBHP or CBHP-Pt. Simulations showed that the strong C-Pt
interaction and the large conformational flexibility of the
molecule influenced the CBHP and CBHP-Pt geometries on the
substrate. The calculated average height of C atoms above the Pt
surface layer is 2.9 A on the donor unit and 2.2 A on the acceptor
for ConA. For ConB these heights are 2.6 A and 2.3 A, respec-
tively. These values are characteristic of strong metal-molecule
chemical bonds.**** Surface Pt atoms are also found to be dis-
placed as a consequence of bonding to the adsorbate.”**” In our
case, Pt atoms bonded to the molecule can be lifted up to 0.3 A.
The O-Pt adatom bond length is 2.2 A in both configurations,
ConA and ConB, which is a typical size for a donor-acceptor
bond.?® Both, C-Pt and O-Pt distances are close to previously
computed values.>*** We obtained a considerable conformity
between the measured STM images of ConA and ConB and the
calculated constant-current STM images of the CBHP-Pt
complex corresponding to the two most stable local energy
minima (Fig. 1e and f). The aforementioned general shape of
CBHP is reproduced in length and width and the four distin-
guishable parts of the CBHP-Pt complex are distinctly and
visibly identified. The experimentally obtained appearance of
the carbazole moiety, consisting of 2 large spots with small
depressions in their center, and of the planar phenalenone
moiety match in detail the calculated STM images. Even the
differences in the general structures between ConA and ConB
are distinguishable in the simulated STM images. The central
region shows the brightest spot located at the position of the
phenylene ring in the case of ConB (Fig. 1b) while it is located at
the position of the methylene linker for ConA (Fig. 1a) indi-
cating a rotation of the bridge between acceptor and donor part.
This rotation of ConB relative to ConA is represented in the
simulated STM images as well. Thus, the calculated on-surface
configurations are representatives of the experimentally ob-
tained conformations adopted by the CBHP-Pt complexes.

Additional simulations of the CBHP molecule without the Pt
adatom were conducted and are given in ESI Fig. S4.7 While in
the experimental STM images one bright, distinct spot is
observed on the edge of the HP acceptor, two smaller spots
appear in the simulated constant-current image for the CBHP
molecule, which can be assigned to the two oxygen atoms of HP.
Thus, DFT calculations strongly suggest the formation of the
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Fig. 2 Detailed on-surface geometry of CBHP. (a) High resolution STM
image of ConA filtered as described in ESI, Fig. S5T (Upias = 50 MV, lset =
200 pA, scale bar = 2 nm). (b) Chemical structure of CBHP—-Pt. The
hydroxyphenalenone acceptor (HP) is marked by a green and the carba-
zolyl phenyl donor (CB) by an orange contour. A methylene linker is
connecting donor and acceptor while introducing a kink to CBHP. Bonds
with a rotational degree of freedom in the gas phase molecule are indicated
by red arrows. (c and d) Averaged height profiles along the long molecular
axis for ConA (blue) and ConB (red) as indicated exemplarily in (a) for ConA.
The corresponding calculated CBHP-Pt complex geometries on a 3-layer
Pt substrate are shown below the respective height profiles.
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CBHP-Pt complexes, as presented in Fig. 1b-e, and we exclude
the adsorption of single CBHP molecules without the formation
of a Pt-complex on Pt(111).

A high-resolution image of CBHP-Pt with an atomically
resolved Pt(111) surface is given in Fig. 2a, that enables the
determination of the exact position of this molecule with
respect to the substrate and shows the position of the averaged
apparent height profile indicated by an arrow. In Fig. 2c and
d the apparent height profiles through the molecule are overlaid
with side views of the calculated on-surface geometries for ConA
and ConB on three Pt layers. While the bridging phenylene
group in ConA is only slightly rotated from an orientation
parallel to the substrate, the one in ConB is rather upright. This
rotation causes the methylene linker to be lifted from the
surface in ConB as well. In consequence, this leads to an
increased apparent height of the whole center of CBHP-Pt in
ConB, consistent with the calculated geometries.

Based on these theoretically deduced insights the brightest
features observed in the STM image of ConB (Fig. 1b) are
interpreted as a phenylene ring standing obliquely to the
substrate. This phenylene ring is represented by the two spots
which differ by approximately 30 pm in their apparent height.
They originate from the two lobes of the m-orbital (+7 and —)
located above and below the phenylene ring which are sepa-
rated by the atomic nodal plane located in the plane of the ring.
A phenylene ring with an orientation exactly perpendicular to
the substrate would be imaged as two equivalent spots related
to the two parts of its m-orbital, as shown in a previous work.**

Different from the case of ConB, the slight asymmetry in the
orbital appearance of the phenylene ring in ConA (Fig. 1a) can
be attributed to the deviation from a parallel position to the
substrate. The brighter side of the phenylene ring in ConA is
found always at the inner side of the kink. This corresponds to
a slight lifting of the inner side of the phenylene ring from the
surface, owing to the steric hindrance introduced by the ring
hydrogen atoms approaching the ones of HP and CB. ConB
shows the rotation of the phenylene ring in the same direction
but to a much higher extent. Here, always the outer side of the
phenylene ring appears brighter, since in this configuration the
geometry of the oblique m-orbital is recorded, as discussed
above. Thus, the dominant differences in the appearance of
ConA and ConB are mainly due to geometric effects. This has
been verified by a series of high resolution STM images taken
for ConA revealing no clear voltage dependent changes in the
range between —2 V and 2 V (Fig. S6, ESIt). The simulated STM
images in Fig. 1e and f show the differences in electronic and
geometric properties of both conformers, while the latter are
clearly visible in the side views of the calculated geometries
(Fig. 2c and d).

While CBHP-Pt in ConB is chemisorbed to the Pt(111)
surface through the HP acceptor and CB donor, all HP, the
central part and CB units are chemisorbed in the case of ConA.
The binding energy of the adsorbed CBHP molecule is
—12.59 eV (ConA) and —11.10 eV (ConB). As a reference, values
of 1.3-1.9 eV were measured and calculated previously for
benzene on Pt(111),*3* approximately 6-10 times smaller than
the calculated binding energies of ConA and ConB. Given that
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the total number of five- and six-membered rings in the CBHP
molecule is seven (ignoring N and O heteroatoms), the calcu-
lated binding energies are consistent and indicative of a strong
interaction with the substrate. The binding of C atoms to the
Pt(111) substrate drives the lateral position of the CB and HP
units on the surface and induces strain along the molecule in
order to enable the binding of acceptor and donor to adequate
positions of the Pt(111) surface, leading to the lifted molecule
center in ConB and resulting in a smaller angle between HP and
CB in experiment and theory. The difference in binding energy
between both configurations, ConA and ConB, of 1.49 eV
suggests that in thermal equilibrium only dyads in conforma-
tion ConA should be found on the Pt(111) surface. However, the
observation of dyads in ConB in a considerable amount points
clearly to a kinetically trapping during the deposition process.

2.3 Molecular orbitals in gas phase and on surface

The influence of the adsorption of CBHP-Pt on Pt(111) on the
electronic structure is studied using voltage dependent STM
images as well as scanning tunneling spectroscopy (STS) and is
compared to the Local Density Of States (LDOS) from the DFT
calculations. STM measurements exhibit a small voltage
dependence and are given in ESI Fig. S61 for ConA. These STM
images reveal that throughout the whole investigated voltage
range (—2 V to +2 V) the unoccupied states appear brighter than
the occupied states. In addition, the phenylene group becomes
the brightest feature for voltages of more than 1 V, while
otherwise the position of the methylene linker is the most
intense spot of the molecule.

A full set of STS measurements was obtained for CBHP-Pt in
configuration ConA, while this was not possible for ConB.
CBHP-Pt in configuration ConB changed their appearance if
voltage sweeps were applied indicating a considerable strain, as
discussed above, so that voltage sweeps cause a strain release
and thereby a change of the molecular conformation or even the
decomposition of the molecule. Fig. 3a shows typical STS curves
for ConA measured above four different positions of CBHP in
comparison to the clean Pt(111) surface (gray background).
Differential conductance spectra (dI/dV) were taken on the
center of the acceptor, the benzyl group and both spots of the
CB donor. Distinct differences are observed for the four posi-
tions. When the tip is positioned above the inner side of the
donor (green curve) only small differential conductance values
are obtained compared to the other parts of the molecule.
However, this is the only tip position showing distinct features
in the unoccupied part of the spectrum, at 0.9 eV (lowest
unoccupied molecular orbital, LUMO) and 2.0 eV (LUMO+1).
The d7/dV curve taken above the central part (purple) starts to
rise at 1.0 eV, while on the other hand, the orange curve (outer
part of the donor) begins to rise slowly not before 1.5 eV.
Remarkably, the differential conductance characteristic of the
HP acceptor (black curve) shows no distinct molecular features
over the whole examined voltage range, which we attribute to
a strong interaction with the Pt(111) surface. Occupied molec-
ular orbital states can be identified by STS above the center of
the molecule (purple curve) and the outer donor part (orange
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Fig. 3 STS spectra and calculated LDOS of CBHP in ConA. (a)
Differential conductance (set-point: lset = 3 NA, Vinog = 20 mV) ob-
tained over four positions of ConA as indicated in the inset by colored
circles: HP acceptor (black), central part (purple) and two spots over
the donor CB (green and orange), Pt(111) substrate (grey background).
(b) Calculated LDOS of ConA illustrating the spatial localization over
the dyad of occupied and unoccupied electronic states.

curve). The purple curve shows a first shoulder around —1.0 eV
(highest occupied molecular orbital, HOMO) with a main peak
at —1.9 eV while the orange curve has a feature at —2.1 eV. This
is in accordance with occupied delocalized states over the CB
donor inclusive the phenylene ring indicating the preservation
of the donor character on Pt(111) in ConA. The thereof obtained
HOMO-LUMO gap of CBHP adsorbed on Pt(111) amounts to
1.9 eV compared to 2.45 €V obtained from cyclic voltammetry
investigations performed on CBHP in solution described above.
This points to a reduction of the HOMO-LUMO gap during
adsorption.

Calculations for ConA capture some of the trends seen in the
measured dI/dV curves for different tip positions, as shown in
Fig. 3b. At energies below the Fermi level the calculated LDOS
shows electronic states at —1.88 eV predominantly on the O
atoms of the HP-Pt unit, the outer donor part and the central
part (black, orange and purple lines in Fig. 3a, respectively). The
calculated LDOS of the adsorbed ConA, for energies above the
Fermi level, at 0.40 eV (Fig. 3c), exhibits bright LDOS features
over the central phenylene ring and the inner CB unit and
smaller features over the outer donor ring, in similarity with the
purple, green, and orange curves of Fig. 3a for unoccupied
states. Overall, spectral features of the adsorbed dyad reveal
a high degree of hybridization with the Pt substrate leading to
molecular states being significantly broadened in energy and
distorted with respect to the isolated molecule. The calculated
Projected Density Of States (PDOS) of ConA is given in Fig. S7

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 PDOS of the donor—acceptor dyad in ConB. (a) CBHP in the gas phase. (c) CBHP-Pt in the gas phase. (e) CBHP-Pt adsorbed on Pt(111)
(color code as in Fig. 3a, in addition Pt-adatom in turquoise). (b and d) Relevant frontier molecular orbitals marked by black lines in (a) and (c). (f)

LDOS plots at selected energies marked by black lines in (e).

(ESIt) as well as LDOS images of ConA at additional positive and
negative energies.

To investigate the preservation of the donor-acceptor char-
acter upon adsorption, electronic structure calculations were
performed where the binding to the Pt adatom and then to the
substrate were considered sequentially by calculating the iso-
lated CBHP molecule, the isolated CBHP-Pt complex, and the
CBHP-Pt complex adsorbed on the Pt(111) surface.
Throughout, the positions of all atoms were kept frozen at the
values of the metal-molecule junction, thus allowing us to
disentangle electronic from geometric effects and analyze the
former ones alone. Fig. 4 shows the results of this analysis for
ConB.

The CBHP molecule in the gas phase (Fig. 4a) exhibits
discrete molecular orbitals shown by well-separated PDOS
peaks. The DOS projected over different donor and acceptor
subunits are represented in different colors, like defined in
Fig. 3. The calculated HOMO-LUMO gap of the molecule in the
ConB geometry is 1.23 eV, close to the value of 1.37 eV in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

ConA geometry and 1.40 eV in the fully relaxed isolated mole-
cule geometry. These gap values, calculated with the vdW-DF
exchange-correlation functional, are smaller than with other
functionals which feature a more accurate description of elec-
tron-electron interaction (Fig. S8, ESI) but which cannot be
applied to the metal-molecule interface. The donor-acceptor
character of the isolated dyad in geometry ConB can be seen in
Fig. 4a, where PDOS peaks projected over the inner and outer
donor regions are predominant at negative energies (green and
orange lines), while the HP acceptor states abound in the
unoccupied part of the spectrum. Bridge states are found mostly
far from the gap for the unoccupied states.

Fig. 4b illustrates the donor-acceptor character of the iso-
lated molecule by plotting selected molecular orbitals, whose
energies are indicated in panel (a) with vertical lines. The
HOMO is localized over the donor rings and the bridge phe-
nylene and methylene units. In contrast, the LUMO is delo-
calized on the HP acceptor unit but has no significant
amplitude on the phenylene bridge group or the CB acceptor.

Nanoscale Adv, 2021, 3, 538-549 | 543
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This is consistent with the donor-acceptor character of the
CBHP dyad, which is clearly manifested in the gas phase, even
in the somewhat constrained geometry ConB.

Fig. 4c shows the calculated PDOS after bond formation
between a Pt atom (turquoise PDOS) and one of the HP oxygen
atoms of CBHP, while keeping the geometry frozen to that of the
ConB/Pt(111) interface. Additional features appear near the
HOMO-LUMO gap due to the mixing of molecular states
located at the HP acceptor with the states of this Pt atom.
Several states of the complex have appreciable Pt PDOS contri-
bution (turquoise line). In particular, the buildup slightly below
the Fermi level leads to the edge of the Pt band in the slab. Many
wave functions of the CBHP-Pt complex are delocalized over
both species. However, the gas-phase orbitals selected in panel
(b) still retain their characteristic nodal patterns (Fig. 4d) even
though their ordering in the spectrum has changed as they are
now HOMO—2 and LUMO+1, respectively. Thus, despite the
mixing and rearranging introduced by the states of the Pt atom,
the CBHP-Pt complex largely preserves the donor-acceptor
characteristics of the isolated dyad (see ESI, Fig. S9 and S107).

This situation, however, is significantly changed when the
complex is adsorbed on the Pt(111) surface. Fig. 4e shows the
calculated DOS projected onto the different donor and acceptor
regions when CBHP-Pt is adsorbed on Pt(111). Molecular states
are significantly broadened due to the strong hybridization with
the Pt substrate. This is expected from the multiple bond
formation established between C atoms of the CB and HP units
and the Pt surface, as seen in the junction geometries (Fig. 2c
and d). The spectral features of the molecule have significant
amplitudes over a wide energy range around the Fermi level. CB
donor features are present below the Fermi level, but also above
it. Similarly, features derived from the HP acceptor are present
in unoccupied energies, however, they also peak below the
Fermi level. The donor-acceptor character is thus clearly
reduced upon adsorption.

Over a wide range of energies above and below the Fermi
level, calculated LDOS features are spread to some extent over
donor, bridge, and acceptor units. We found no energies at
which the distinctive localization and nodal patterns of panels
(b) and (d) were preserved. Fig. 4f shows the calculated LDOS at
two energies above and below the Fermi level. Electronic states
at —1.18 eV involve dominantly the bridge and donor parts of
the molecule, but also the Pt adatom bound to the HP unit and
the HP unit. At 1.18 eV, there is no significant LDOS on the
bridge group, however, it is spread over the HP acceptor
including the Pt adatom and a part of the donor unit simulta-
neously. LDOS plots at additional energies are given in ESI
Fig. S11} and exhibit similar characteristics. Thus, the donor-
acceptor character of the CBHP dyad is significantly modified
due to the hybridization and chemical bonds with the Pt(111)
substrate.

2.4 Donor-acceptor character of CBHP upon adsorption on
Pt(111)

The changes described previously can be analyzed in terms of
the calculated electrostatic potential of the isolated CBHP
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Fig. 5 Calculated electrostatic potential in mV plotted over an elec-
tron density contour of 10~ e A3 for ConA (top panels) and ConB
(bottom panels). (a and d) Gas-phase CBHP. (b and e) CBHP-Pt
complex. (c and f) CBHP-Pt on Pt(111).

molecule, isolated CBHP-Pt complex, and adsorbed CBHP-Pt
complex. The results are plotted in Fig. 5 for both conforma-
tions. The plots show the evolution of the electrostatic potential
along the sequential binding to the Pt adatom and then onto the
Pt(111) substrate, while excluding effects due to changes in
geometry. Electrostatic potential values (in mV) are projected on
an isocontour of the electron density and are shown as a color
scale.* High values of the electrostatic potential (blue) are
related to a reduced electron density. Low electrostatic potential
values (red) occur in electronegative regions and correspond to
accumulation of electron density. The comparison between
both conformers in Fig. 5 shows a similar pattern, indicating
that the differences in geometry between ConA and ConB do not
play an important role in determining the electrostatic distri-
bution upon adsorption. The electrostatic potential of the iso-
lated CBHP molecule (Fig. 5a and d) shows positive values near
the peripheral H atoms, while negative values are found near
the O atoms of the HP acceptor and, to a lesser extent, in the CB
donor rings. Consequently, the planar carbon system forming
the acceptor shows a lower electron density (green/blue) than
the carbon system of the donor (yellow/green) confirming the
donor-acceptor character of CBHP for both configurations in
the gas phase. Binding of the complex to the Pt adatom (Fig. 5b
and e) introduces changes in the O-Pt region but the potential
in other parts of the molecule remains almost unchanged, thus
the donor-acceptor character is maintained. This is consistent
with the findings shown in Fig. 4, which indicate the intro-
duction of Pt-related states but otherwise the preservation of the
character of isolated molecular orbitals. Adsorption onto the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Pt(111) substrate, however, leads to an increase of the electro-
static potential throughout the molecule. Negative values are
only retained near the HP O atoms in both conformations, the
center of ConB and on the donor rings of ConA and ConB which
are detached from the substrate (see Fig. 2c). The Pt substrate
has negative values. These findings reflect electron transfer
from the molecule to the Pt substrate, resulting in the changes
of the potential described. Therefore, the donor-acceptor
character seems to be significantly changed but can be never-
theless identified at the surface.

To analyze the charge transfer in detail, we calculated the
electron density difference upon adsorption. We computed the
electron density of the junction minus the sum of the individual
CBHP-Pt complex and the Pt(111) substrate. As before, the
position of all atoms was kept fixed to their values at the
interface throughout. Fig. 6 shows the results for ConA (panels
a-c) and ConB (panels d-f). Positive (negative) values corre-
spond to electron accumulation (depletion) and are shown in
blue (yellow). For both ConA and ConB, electrons are trans-
ferred from the molecule to the substrate, mostly to the surface
Pt layer. This follows from the formation of multiple molecule-
substrate bonds involving many C atoms. The charge transfer
between detached parts of the molecule and the Pt surface is
minimal, like indicated by the real-space representation of the
electron density difference (Fig. 6). For ConA, this applies to the
outer donor ring, which is lifted above the inner one. In the case
of the more twisted ConB, this corresponds to the bridge unit
formed by the methylene group and one phenylene ring.
Notably, electron density is transferred to the Pt surface from
both donor and acceptor units, which changes the donor-
acceptor character of the dyad upon adsorption.
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Fig. 6c and f plot the plane-averaged electron density
difference as a function of vertical distance for ConA and ConB.
Both profiles exhibit oscillations and negative values in the
molecular region and positive values below the Pt surface layer.
The dashed horizontal lines indicate the mid height of the
shortest C-Pt bond and are taken as a guide to separate the
CBHP-Pt and Pt(111) subsystems. Integration of the charge
difference above and below this dashed line gives a measure of
the transferred charge. A value of 0.18e transferred from CBHP-
Pt to the substrate is obtained for both ConA and ConB, which is
in the size range found for other molecules.*** However, for
ConB only the CB and HP groups are involved, whereas in ConA
the bridge also participates in the charge transfer. By cleaving
the CBHP-Pt complex into separate donor, bridge, and
acceptor-Pt units (all appropriately H-saturated), the charge
transfer of each constituent can be computed. As expected, in
both conformers electron transfer to Pt(111) from the CB donor
unit is higher than from the HP-Pt acceptor (0.10-0.13 electrons
compared to 0.06 electrons, respectively). This is consistent
with the high work function of 5.8 eV for the Pt (111) substrate,*
which possesses a higher acceptor character than either CB or
HP. However, the analysis of Fig. 5 shows that the donor-
acceptor character of the dyad does not disappear completely
when adsorbed on Pt(111), although it is reduced.

These investigations indicate that the non-planarity of CBHP
is the key factor, which enables the preservation of the donor-
acceptor character upon adsorption on a metallic surface and in
principle qualifies this kind of dyads to be employed in
advanced devices. Further molecular engineering, like the
introduction of bulky side groups, should lead to an increased
decoupling of molecular parts from the surface und thus,
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Fig. 6 Calculated electron density difference upon adsorption of ConA (top panels) and ConB (bottom panels). (a, b, d and e) Top and side views
of the real-space difference. (c and f) Plane-averaged electron density difference.
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should be advantageous for the preservation of the intrinsic
molecular properties. In addition, by tuning the energy level
alignment of dyad and metal, undesired charge redistributions
upon adsorption should be diminished and a significant on-
surface donor-acceptor character should be possible.

3. Conclusions

In conclusion, a novel donor-bridge-acceptor dyad, CBHP, was
synthesized, deposited on a Pt(111) surface, and studied by
a combination of LT-UHV-STM measurements and DFT simu-
lations. The geometry and electronic properties were investi-
gated using STM and differential conductance measurements.
Two recurring conformations, ConA and ConB, were identified
in these measurements by comparison to the chemical struc-
ture. A bright spot close to the acceptor side on all STM images
was ascribed to a Pt adatom. STS of ConA above different
positions of the molecule revealed donor-related peaks below
the Fermi level and acceptor-derived states at higher energies.
DFT-based simulations were performed for two representative
stable structures obtained from a broad sampling of junction
configurations. The stronger bound was adsorbed nearly flat on
Pt(111) (ConA) while the other conformation (ConB) exhibited
a slightly twisted geometry with the phenylene bridge lifted
from the substrate. Calculations rationalize the experimental
findings and the nature of the donor-acceptor character of the
adsorbed CBHP dyad. The donor-acceptor properties are
significantly reduced upon adsorption. This is due to the strong
hybridization between adsorbed molecular units and substrate
orbitals, which substantially broadens and intermixes donor
and acceptor states, as well as to the high work function of the
Pt substrate, which acts as an acceptor to both CB and HP
constituents. Nevertheless, calculated electrostatic potential
and electron density difference indicate that the donor-
acceptor character of this non-planar dyad is partially retained
even after the formation of strong chemical contacts to the
metal substrate. Thus, we conclude that despite the substantial
changes of intrinsic molecular properties upon chemical
adsorption the principle applicability of donor-bridge-acceptor
molecules in functional devices is feasible.

4. Materials and methods

4.1 Chemical synthesis

4-(9H-Carbazol-9-yl)benzaldehyde (3). In an oven dried
nitrogen-flushed screw-cap Schlenk tube with magnetic stir bar
were placed 9H-carbazole (1) (1.23 g, 7.50 mmol) and dry 1,2-
dichlorobenzene (20 mL) under nitrogen. To this solution was
added 4-bromobenzaldehyde (2) (3.01 g, 16.3 mmol), copper
powder (159 mg, 2.50 mmol), K,CO; (1.66 g, 12.0 mmol), and
[18]-crown-6 (264 mg, 1.00 mmol). The reaction mixture was
stirred in the sealed reaction vessel at 185 °C for 72 h. After
cooling to room temp. the mixture was filtered and the filtrate
was evaporated under reduced pressure and absorbed on Cel-
ite®. Purification by flash chromatography on silica gel (n-
hexane/ethyl acetate 19:1) and crystallization from hexane/
ethyl acetate furnished 4-(9H-carbazol-9-yl)benzaldehyde (3)
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(814 mg, 60%) as colorless crystals, Ry = 0.32 (n-hexane/ethyl
acetate 10 : 1), mp 158 °C (156-158 °C as given in ref. 37).

"H NMR (600 MHz, CDCl): 6 7.34 (d, *] = 7.9 Hz, 2H), 7.46-
7.43 (m, 2H), 7.50 (s, 2H), 7.81-7.79 (m, 2H), 8.17-8.14 (m, 4H),
10.12 (s, 1H). **C NMR (151 MHz, CDCl,): 6 109.9 (CH), 120.7
(CH), 121.0 (CH), 124.1 (Cquar), 126.4 (CH), 127.0 (CH), 131.5
(CH), 134.8 (Cquat); 140.2 (Cqua), 143.6 (Cquar), 191.1 (CH). MS
(EI) (70 eV, m/z (%)): 272 (20), 271 (M, 100), 243 (5), 242 ([M —
CHOJ'", 24), 241 (28), 240 (5), 120 (18). IR: ¥ = 2824 (w), 2733 (W),
1701 (m), 1595 (m), 1512 (w), 1479 (w), 1451 (m), 1362 (m), 1337
(m), 1317 (w), 1300 (w), 1227 (m), 1209 (w), 1182 (w), 1161 (m),
1125 (w), 1103 (w), 916 (w), 845 (w), 829 (w), 750 (s), 714
(m) em ™. Anal. caled for C;oH;3NO (271.1): C 84.11, H 4.83, N
5.16. Found: C 84.11, H 5.10, N 4.99.

[4-(9H-Carbazol-9-yl)phenyljmethanol (4). In an oven dried
nitrogen-flushed screw-cap Schlenk tube with magnetic stir bar
were placed 4-(9H-carbazol-9-yl)benzaldehyde (3) (712 mg, 2.62
mmol) in methanol (10 mL) under nitrogen. Under external
cooling with ice-water sodium borohydride (119 mg, 3.15 mmol)
was slowly added. The cooling was removed and the reaction
mixture was stirred at 20 °C for 3 h. Then, deionized water (10
mL) was added to stop the reaction. The aqueous layer was
extracted with dichloromethane (4 x 20 mL) and the combined
organic phases were dried (anhydrous magnesium sulfate). The
solvents were evaporated in vacuo, residue was absorbed on
Celite® and purified by flash chromatography on silica gel (n-
hexane/ethyl acetate 6:1 — 4:1 — 2:1) to give [4-(9H-
carbazol-9-yl)phenyljmethanol (4) (592 mg, 83%) as a colorless
solid, Ry = 0.22 (n-hexane/ethyl acetate 4 : 1), mp 123 °C.

'H NMR (600 MHz, CDCL,): 6 1.83 (s, 1H), 4.84 (s, 2H), 7.29
(ddd, Jiy_; = 7.9 Hz, 5.7 Hz, 2.4 Hz, 2H), 7.45-7.38 (m, 4H), 7.64-
7.54 (m, 4H), 8.15 (ddd, Ji;_4 = 7.8 Hz, 7.8 Hz, 1.0 Hz, 2H). *C
NMR (151 MHz, CDCl,): 6 65.1 (CH,), 109.9 (CH), 120.1 (CH),
120.5 (CH), 123.5 (Cquat), 126.1 (CH), 127.4 (CH), 128.6 (CH),
137.2 (Cquat)y 140.2 (Cquat)y 141.0 (Cquar)- MS (EI) (70 eV, m/z (%)):
274 (14), 273 (M, 68), 272 (6), 271 (14), 256 ((M — OH]', 18), 254
(21), 253 (7), 252 (25), 242 ([M — CH,OH]", 8), 241 (12), 223 (8),
217 (8), 199 (12), 189 (10), 188 (89), 187 (90), 185 (16), 179 (10),
171 (42), 169 (43), 167 ([M — C,H,0]', 10), 159 (17), 157 (23), 152
(M — C,H,NOJ", 23), 149 (11), 108 (10), 107 (97), 91 (13), 90
(CeH4N", 18), 89 (17), 79 (100), 78 (36), 77 (CeH,", 96), 76 (12), 75
(13), 63 (10), 53 (13), 51 (25), 50 (20). IR: ¥ = 3233 (w), 1701 (w),
1607 (w), 1595 (W), 1518 (m), 1477 (w), 1451 (s), 1362 (W), 1335
(w), 1314 (w), 1229 (s), 1182 (w), 1171 (w), 1011 (s), 914 (W), 843
(m), 806 (W), 750 (s), 725 (s), 700 (W), 629 (m) cm ™. Anal. caled
for C;oH,3NO (281.2): C 83.49, H 5.53, N 5.12. Found: C 83.69, H
5.45, N 5.05.

9-[4-(Bromomethyl)phenyl]-9H-carbazole (5). In an oven
dried nitrogen-flushed screw-cap Schlenk tube with magnetic
stir bar were placed [4-(9H-carbazol-9-yl)phenyllmethanol (4)
(1.88 g, 6.90 mmol) in dry THF (10 mL). To this solution was
added dropwise and slowly phosphorus tribromide (650 pL,
6.90 mmol) and the reaction mixture was stirred at 20 °C for
24 h. Then, deionized water (5 mL) was added to stop the
reaction. The aqueous layer was extracted with dichloro-
methane (4 x 30 mL) and the combined organic phases were
dried (anhydrous magnesium sulfate). The solvents were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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evaporated in vacuo, residue was absorbed on Celite® and
purified by flash chromatography on silica gel (n-hexane/ethyl
acetate 19 : 1) to give 9-[4-(bromomethyl)phenyl]-9H-carbazole
(5) (2.32 g, 99%) a colorless solid, Ry = 0.80 (n-hexane/ethyl
acetate 4 : 1), mp 100 °C.

'H NMR (600 MHz, CDCl,): 6 4.62 (s, 2H), 7.33-7.29 (m, 2H),
7.45-7.40 (m, 4H), 7.57 (d, *] = 8.4 Hz, 2H), 7.64 (d, ] = 8.4 Hz,
2H), 8.16 (d, *] = 7.8 Hz, 1H). *C NMR (151 MHz, CDCl;): 6 32.9
(CH,), 109.9 (CH), 120.3 (CH), 120.5 (CH), 123.6 (Cquat), 126.1
(CH), 127.4 (CH), 130.7 (CH), 136.9 (Cquat); 137.9 (Cquar), 140.8
(Cqua)- MS (EI) (70 eV, m/z (%)): 337 M(*'Br)*, 15), 335
(M("®Br), 13), 257 (23), 256 ([M — Br]*, 100), 254 (16), 241 (6),
128 (19), 127 (12), 52 (6). IR: ¥ = 3061 (w), 3046 (w), 1593 (w),
1514 (m), 1478 (w), 1451 (s), 1418 (w), 1366 (w), 1335 (w), 1308
(m), 1287 (w), 1229 (s), 1206 (m), 1182 (m), 1169 (w), 1144 (w),
1119 (w), 1096 (W), 1020 (W), 995 (W), 916 (W), 831 (W), 812 (W),
747 (s), 721 (s), 702 (m), 644 (w), 629 (W) cm . Anal. caled for
C1oH4BIN (335.0): C 67.87, H 4.20, N 4.17. Found: C 67.64, H
4.28, N 4.01.

5-[4-(9H-Carbazol-9-yl)benzyl]-9-hydroxy-1H-phenalen-1-one
(CBHP). In an oven dried nitrogen-flushed screw-cap Schlenk
tube with magnetic stir bar was placed lithium chloride (24 mg,
0.560 mmol) and dried at 150 °C in vacuo for an hour. Then, zinc
powder (50 mg, 0.760 mmol) was added and drying in vacuo at
150 °C was continued for another hour. After cooling to room
temp the Schlenk tube was flushed with nitrogen and evacuated
for three times and finally flushed with nitrogen. Dry THF (2.00
mL), TMSCI (22 pL, 0.175 mmol), and 1,2-dibromoethane (15
uL, 0.350 mmol) were successively added to the reaction vessel.
After stirring at room temp for 5 min at 20 °C 9-[4-(bromo-
methyl)phenyl]-9H-carbazole (5) 168 mg (0.500 mmol) was
added and the reaction mixture was stirred at 20 °C for 18 h
(92% of organozinc compound 6 determined by "H NMR inte-
gration with compound 5).

In a second oven dried nitrogen-flushed screw-cap Schlenk
tube with magnetic stir bar were placed 5-bromo-9-hydroxy-1H-
phenalen-1-one (7) (69 mg, 0.250 mmol) and dry THF (2.00 mL)
under nitrogen. To this solution palladium(u)acetate (6 mg, 25
pumol), and SPhos (21 mg, 50 pmol) were added. The decanted
solution of the first Schlenk tube was placed in a syringe and by
syringe pump this solution was added dropwise over 1.5 h to the
stirred solution in the second Schlenk tube, which was warmed
to 65 °C. Stirring was continued at 65 °C for 22.5 h. Then, after
cooling to room temp the reaction was ended by addition of
dichloromethane (5.00 mL), deionized water (10.0 mL), and
37% aqueous hydrochloric acid (2.00 mL). The aqueous layer
was extracted with dichloromethane (3 x 10 mL) and the
combined organic phases were dried (anhydrous magnesium
sulfate), filtered and the solvents were removed in vacuo. The
residue was purified by flash chromatography on reversed
phase RP-18 (MeCN : H,O 1:1 — MeCN) to furnish 5-[4-(9H-
carbazol-9-yl)benzyl]-9-hydroxy-1H-phenalen-1-one (CBHP)
(82 mg, 72%) as a yellow solid, mp 259 °C.

'H NMR (600 MHz, CDCL,): 6 4.36 (s, 2H), 7.19 (d, 3] = 9.3 Hz,
2H), 7.30-7.27 (m, 2H), 7.42-7.36 (m, 4H), 7.47 (d, %] = 8.1 Hz,
2H), 7.52 (d, *] = 8.2 Hz, 2H), 7.94 (s, 2H), 8.09 (d, %] = 9.3 Hz,
2H), 8.14 (d, 3] = 7.7 Hz, 2H), 15.89 (s, 1H). "*C NMR (151 MHz,
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CDCLy): 6 41.4 (CH,), 109.8 (CH), 111.2 (Cquat), 120.1 (CH), 120.5
(CH), 123.5 (Cquat)y 124.1 (CH), 125.8 (Cquar), 126.0 (CH), 126.1
(Cquat), 127.5 (CH), 130.4 (CH), 133.4 (CH), 136.3 (Cquar); 136.8
(Cquat)y 139.9 (Cquar); 140.95 (CH), 140.97 (Cquar), 179-1 (Cquar)-
MS (EI) (70 eV, m/z (%)): 453 (7), 452 (35), 451 (M", 100), 285 (8),
284 (6), 256 (12), 255 (8), 254 (9), 241 (5), 239 (7), 226 (21), 211
(9). IR: ¥ = 3043 (w), 2963 (W), 2920 (w), 2361 (w), 1939 (W), 1632
(s), 1595 (s), 1558 (m), 1516 (s), 1477 (m), 1452 (s), 1418 (w), 1366
(m), 1335 (m), 1314 (w), 1267 (w), 1233 (s), 1184 (w), 1165 (m),
1144 (w), 1105 (m), 1022 (W), 930 (W), 914 (w), 893 (m), 833 (m),
812 (m), 746 (s), 723 (s), 692 (m), 638 (m) cm . Anal. calcd for
C3,H,;NO,-1/5H,0 (451.2 + 3.6): C 84.45, H 4.74, N 3.08. Gef.: C
84.39, H 4.82, N 3.02. UV/Vis (MeCN): Ama [nm] (¢ [L
mol™! em™)): 239 (73 400), 260 (29 300), 285 (19 900), 292
(21 500), 353 (21 600), 421 (7600), 446 (8200). Fluorescence
(MeCN, Aexe = 420 NM): Apax = 461 nm (P¢ < 0.01), Stokes shift:
AV = 800 cm ™% E,Y ' = —1160 mV, E,”** = 1290 mV.

4.2 SPM characterization

All low temperature scanning tunneling microscopy and spec-
troscopy experiments were performed with custom-made elec-
trochemically etched tungsten tips using a commercial Createc
STM (Germany) at 4.2 K. The LT-STM is operated under ultra-
high vacuum (UHV) with a base pressure of 1 x 10~ '° mbar.
It is composed of three parts, i.e., a load-lock, a preparation
chamber, and a measurement chamber. Constant-current mode
was used to record all STM images which are plotted after
applying plane correction and optional noise filtering by a slight
Fourier-filter using SPIP. Apparent heights are obtained from
averaged height profiles in the corresponding images. The given
length of molecules is the full width at half maxima obtained
from the respective apparent height profiles. The precise
current and voltage set-points are given in the caption of the
respective STM images. STS experiments were performed with
the feedback-loop switched off and the differential tunneling
current was recorded using lock-in detection while the bias
voltage was modulated. For each adsorption configuration
several molecules were investigated on the Pt(111) surface. The
differential conductance (dZ/dV) spectra are usually averaged
over five curves and their measurement parameters are given
directly in the respective captions of the STS measurements.

The substrate used in this work was a polished Pt(111) single
crystal (purity 99.999%) purchased from MaTeck (Germany).
Remaining surface artifacts were removed by repeated cycles of
Ne*-ion sputtering (1 kv, 30 min, 2.5 pA), optional baking
(600 °C, 30 min., 1 x 10~® mbar, O, partial pressure) and
subsequent annealing (900 °C, 10 min). The resulting Pt(111)
surface was investigated by STM and LEED to confirm its
cleanliness. The preparation cycles were repeated until the
Pt(111) surface showed large clean terraces with a diameter up
to several 100 nm and sharp spots with a hexagonal symmetry in
the LEED patterns.

After outgassing of the CBHP molecules at 200 °C for at least
1 hour they were deposited onto the Pt(111) substrate using
a Knudsen cell. Suitable evaporation temperatures were found
with the help of TGA and DTA measurements (Fig. S12, ESIT). A
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submonolayer coverage was obtained by sublimation at 180 °C
for 10 minutes with a background pressure in the 10~'° mbar
range and the Pt(111) surface at room temperature (RT).
Thereafter the sample was kept at RT for 105 s before it was
cooled to 4.2 K for the STM and STS characterization.

4.3 Atomistic simulations

The structure and electronic properties of the metal/molecule
interface were studied using the DFT-based code SIESTA.*® A
local-orbital pseudo-atomic basis was used. Molecular
(substrate) atoms were described using double-(single-)zeta
plus polarization bases. Exchange-correlation, including non-
local dispersion interactions, was described with the vdW-DF
functional of Dion et al in the implementation of Roman-
Pérez and Soler.*** The unit cell in the calculations consisted of
the CBHP-Pt complex and three Pt(111) layers, each consisting
of 70 atoms. Almost 50 initial geometries, each with different
lateral positions and orientations with respect to the substrate,
were screened. The positions of the CBHP-Pt complex and of
the surface layer Pt atoms were optimized until the forces acting
on them were smaller than 0.02 eV A~". A real-space grid of 250
Ry was used. Reciprocal space was sampled using a single point
for geometry optimization calculations, and a 5 x 5 Mon-
khorst-Pack grid to compute PDOS and LDOS. The LDOS at
selected energies was obtained by integrating the electron
density over 100 meV around that energy. Constant-current
images were calculated from the LDOS within the Tersoff-
Hamann approximation using a 0.25 A Gaussian broadening to
simulate the experimental broadening.*"*
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Preservation of the donor-acceptor character of a carbazol-phenalenone dyad

upon adsorption on Pt(111)

René Ebeling, Narendra P. Arasu, Lisa Bensch, Bertram Schulze Lammers, Bernhard Mayer,
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S1: STM overview of a prototypical Pt(111) surface after CBHP evaporation
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Fig. S1 STM image (Usias = 50 mV, Iser = 200 pA, scale bar = 5nm) showing a typical sample of CBHP
adsorbed on Pt(111). Two different adsorption configurations, ConA marked by a blue and ConB by a
red ellipse, can be assigned to single molecules. One of the mirror configurations of CBHP, ConA’, is
exemplarily marked by a light blue ellipse. A recurring type of fragment, consisting of three spots,
one bright and two shallow, is observed below CBHP in configuration ConB. These fragments often
show up close to our target molecules (see center of Fig. S1).
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S2 and S3: Detailed measurements of CBHP dimensions in ConA and ConB
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Fig. S2 (a) Unfiltered high resolution STM measurement (Ugias = 50 mV, Iser = 200 pA) of Fig. 1a. An
identical color scale is used in Fig. S3a. (b—f) Averaged apparent height profiles along different
directions of configuration ConA of CBHP. Direction and position of the corresponding height
profiles are given in a) in the same color scheme. (f) This profile follows a kink along the molecular
axis.
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Fig. S3 (a) Unfiltered high resolution STM measurement (Ugias = 50 mV, Iser = 200 pA) of Fig. 1b. An
identical color scale is used in Fig. S2a. (b—f) show averaged apparent height profiles along
different directions of configuration ConB of CBHP. Direction and position of the corresponding
height profiles are given in a) in the same color scheme. (f) This profile follows a kink along the
molecular axis.
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S4: Calculated geometries and STM images of CBHP on Pt(111)

a) b)

Brof fpeg

=

high high

Fig. S4 (a, b) Geometries of the CBHP molecule, where no Pt adatom is present, on the Pt(111)
surface corresponding to local minima from DFT calculations (c, d) Simulated constant-current STM
images around the Fermi energy.

S5: Progress of a raw to a filtered STM image

Fig. S5 Steps of image processing for Fig. 2a to present the atomic structure of the Pt(111) substrate
combined with orbital molecular features of CBHP in the same STM image. (a, b) Raw STM
measurements of a single molecule in ConA in different apparent height scales. The scale in a) puts
the focus on the molecular structure while the scale chosen in b) emphasizes the atomic lattice of
Pt(111). (c) Slight Fourier filtering of b) reduces the noise. (d) In a last step an ISO 11562 Gaussian
Profile Filter is applied to c).
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S6: Voltage dependent STM images of CBHP in ConA

1.9V
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Fig. S6 Voltage dependent STM measurement (/ser = 200 pA) of ConA. An identical color scale is used
for all unfiltered Images. The scale baris 1 nm.

S7: PDOS of ConA together with LDOS at selected energies
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Fig. S7 Calculated PDOS of the CBHP-Pt donor-acceptor dyad adsorbed in ConA and LDOS at selected
energies (in eV). Color code like indicated in Fig. 3 and 4: HP acceptor (black), central part (purple),
two spots over the donor CB (green and orange), Pt adatom (turquoise).
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$8: Kohn-Sham frontier molecular orbitals (FMOs) for CBHP in acetonitril
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Fig. S8: Chosen Kohn-Sham Frontier Molecular Orbital (FMOs) for CBHP. A polarizable continuum
model was used for its calculation (Gaussian 09 PBEh1PBE/6-311+G**) with acetonitrile as solvent.
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S9 and S10: Frontier molecular orbitals of CBHP and CBHP-Pt in ConA and ConB

HOMO -4

ConA

HOMO - 6 . __HOMO-5 HOMO-4 HOMO -3

= HOMO-1 E HOMO E
S LUMO +2 LUMO +3 LUMO +4 @ LUMO+§UMO+G LumMo+7 ¥
&) (@) g [#]

Fig. S9 Occupied and unoccupied frontier molecular orbitals of the isolated CBHP molecule (top) and of the
CBHP-Pt complex (bottom) in ConA.
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Fig. $10 Occupied and unoccupied frontier molecular orbitals of the isolated CBHP molecule (top) and of the
CBHP-Pt complex (bottom) in ConB.

o7



S11: PDOS of ConB together with LDOS at selected energies
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Fig. S11 Calculated PDOS of the CBHP-Pt donor-acceptor dyad adsorbed in ConB and LDOS at
selected energies (in eV). Color code like indicated in Fig. 3 and 4: HP acceptor (black), central part
(purple), two spots over the donor CB (green and orange), Pt adatom (turquoise).

$12: TGA and DTA of CBHP
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Fig. S12: Thermogravimetric (TGA) and differential thermal analysis (DTA) of CBHP measured using
simultaneous thermal analyzer NETZSCH STA 449C.
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3. Adsorption of a novel carbene
molecule on the Au surface

3.1 Introduction

In chemistry, carbenes are traditionally known as highly reactive, and short-
lived intermediate compounds [73] that are useful to add a carbon atom into a
molecule [74]. The reactivity of carbenes comes from the electronic unsaturation
of a carbon atom in the molecular ring. Two of the four valance electrons of the
unsaturated carbon atom contribute to form one bond, each with the neighboring
atom. The two remaining electrons are either left unpaired (triplet carbene), or
both electrons stay together as a lone pair (singlet carbene) as shown in figure
3.1l Both singlet and triplet carbenes are highly reactive and proved to be a
challenge for synthetic chemists.

'mHF” 1 “”'u.. 1L

triplet singlet
carbene

Figure 3.1: Electronic structure of singlet and triplet carbenes. The figure is
same as Fig. 1 of [75].

For over a century, all attempts to synthesis stable uncoordinated carbenes
were unsuccessful. At last, in 1991, Arduengo et al. managed to synthesize the
first stable carbene molecule. The stability is incorporated by placing the carbene
molecule between nitrogen heterocycles, and hence the molecule is termed as N-
heterocyclic carbene (NHC) [76]. The core of the NHC molecule is a pentagonal
ring in which a carbon atom has two C-N bonds and a lone pair, as shown in fig-
ure 3.2l NHCs were found to be more electron-rich ligands than the conventional
phosphines, leading to great interest in NHC-based catalysis [(7]. The presence
of a lone pair in the plane of NHC makes the molecule suitable for forming coordi-
nation bonds with transition metals. The instant binding to transition metal ions
led to the development of NHC-based molecular devices [7T8-80]. Further studies
show that the exceptional stability of the metal-NHC coordination results in uni-
form monolayer coverage of NHC on metal surface [81], [82]. The discovery and
subsequent studies of NHC molecules showed the large potential of carbenes in
organometallic applications.

The quest for other carbene molecules with different catalytic behavior than
NHCs lead to the discovery of a more stable bis(dialkylamino)cyclopropenylidenes
(BAC) molecule [83]. The core of BAC is a triangular structure made of carbon
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atoms, as shown in figure 3.2 Bulky side groups stabilize the molecule. The
chemical reactions induced by BACs are different from those observed from NHCs.
For example, NHCs promote the aggregation of phosphorous, whereas BACs
degrade phosphorous to elementary compounds [84, 85]. BACs exhibit better
o-donor properties than NHCs [86], providing promise for higher surface coverage
than NHCs. We studied for the first time BAC molecules deposited on a metal
surface [87].

N-heterocyclic carbenes Bis(dialkylamino)cyclopropenylidenes
(NHC) (BAC)

- R R

N~ NR
ANy

R——N

Figure 3.2: Chemical structures of NHC and BAC molecules. R represents bulky
side group attached to the molecule. Lone pairs are indicated by two dots.

The synthesis of BAC molecule was carried out by our collaborators from the
group of Xavier Roy, Columbia University (USA). The molecule was deposited
on Au(111), and surface absorption was measured through high-resolution X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS). Both XPS and NEXAF'S experiments use X-ray radiation from a syn-
chrotron source to detect the adsorption configuration on the surface. XPS and
NEXAFS experiments were carried out by associates from the University of Ljubl-
jana, Slovenia. Atomic-scale adsorption configurations of BAC on Au(111) were
probed with STM and AFM spectroscopy by our collaborators from Brookhaven
National Laboratory and the group of Latha Venkataraman at Columbia Uni-
versity (USA). We performed DFT calculations to investigate the adsorption
properties of BAC on Au(111) substrate. We compare adsorption configurations
of NHC and BAC core structures. Our study is the first work on BAC molecules
deposited on a metal surface.

Experiments reveal that BAC forms uniform monolayer coverage over Au(111)
upon annealing, as shown in figure 3.3} NEXAFS results suggest that the BAC
molecule adsorbs at a tilt angle, whereas NHC stands vertical on the surface.
To reveal the angular adsorption of the BAC molecule, we performed a potential
energy scan along the angle () between the molecular plane and the vertical di-
rection. Our calculations show that the binding energy of BAC molecule reaches
a maximum at 8 = 40°, while NHC the favorable binding is when 6 = 0°. To
elucidate the contribution of the BAC core on adsorption angle, in our calcula-
tions, we replaced the bulky side groups of BAC molecules with H atoms. The
40° tilted adsorption was true for the truncated BAC structure as well, showing
no role of side groups in the adsorption angle.

We further investigated the reason behind the tilt angle of the BAC molecule.
We calculated the binding of gas-phase BAC and NHC core structures bound to
Au adatom to check if the tilt angle was inherent to the Au-BAC bond. Our
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calculations showed that the angled adsorption of BAC is indeed inherent to the
electronic structure of the BAC core. The BAC lone pair is more electronegative
than the NHC lone pair leading to flexible adsorption of the Au-molecule bond.
Our study shows that BAC molecules’ high electronegativity and flexible tilted
adsorption provide an excellent platform for carbene-based molecular layers on
metal surfaces.

Figure 3.3: Insets show the bis(dialkylamino)cyclopropenylidenes (BAC)
molecules forming a uniform coverage on the Au (111) surface upon annealing.
The tilted adsorption of BAC is shown as graphical illustration. The figure is
taken from the TOC of the article [87].

3.2 My contribution to the article

I performed the gas phase calculations of BAC and NHC molecules and molecule
Au adatom complexes. I performed the calculation using Gaussian ab-initio code
with B3LYP functional and 6-31G* basis set. I contributed to making computa-
tional figures in both the main text and supplementary information.
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ABSTRACT: The creation of stable molecular monolayers on metallic surfaces is a fundamental challenge of surface chemistry. N-
Heterocyclic carbenes (NHCs) were recently shown to form self-assembled monolayers that are significantly more stable than the
traditional thiols on Au system. Here we theoretically and experimentally demonstrate that the smallest cyclic carbene,
cyclopropenylidene, binds even more strongly than NHCs to Au surfaces without altering the surface structure. We deposit
bis(diisopropylamino)cyclopropenylidene (BAC) on Au(111) using the molecular adduct BAC—CO, as a precursor and determine
the structure, geometry, and behavior of the surface-bound molecules through high-resolution X-ray photoelectron spectroscopy,
atomic force microscopy, and scanning tunneling microscopy. Our experiments are supported by density functional theory
calculations of the molecular binding energy of BAC on Au(111) and its electronic structure. Our work is the first demonstration of
surface modification with a stable carbene other than NHC; more broadly, it drives further exploration of various carbenes on metal

surfaces.

yclopropenylidene, the smallest aromatic molecule

displaying a carbene center, has received widespread
theoretical and experimental interest due to its unique
electronic structure, chemical reactivity, and existence in
interstellar space.'™ Cyclopropenylidene, however, is too
unstable to be isolated as a free carbene. First reported as a
stable crystalline solid by Bertrand and co-workers, bis-
(dialkylamino)cyclopropenylidenes (Figure 1a) consist of the
cyclopropenylidene ring functionalized with two dialkylamino
groups.”® The presence of these dialkylamino groups
stabilizes the free carbene and, combined with the highly
strained nature of the ring and the resulting small angle at the
carbenic carbon, produce a molecule capable of remarkably
strong o-donation. Most experimental and theoretical inves-
tigations indicate that bis(dialkylamino)cyclopropenylidenes
are in fact better o-donors than N-heterocyclic carbenes
(NHCs) while having a smaller footprint.” Carbenes have
recently received intense attention due to their rich
coordination chemistry®™'" and ability to form ultrastable
self-assembled monolayers on metal surfaces.''™'® While
diazomethane derivatives have been used to assemble carbene
molecules on Ru surfaces,'® most recent studies have focused
on NHCs, prompting the question whether carbenes such as
bis(dialkylamino)cyclopropenylidenes could strongly bind to
metal surfaces.

In this work, we investigate for the first time the
functionalization of metal surfaces with bis(diisopropylamino)-
cyclopropenylidene (BAC). Using density functional theory
(DFT), we first present a detailed theoretical picture of the
bonding energetics and geometry of BAC to a Au(111)
surface. We then develop a simple synthetic approach to

© 2020 American Chemical Society
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Figure 2. (a) Synthesis of BAC—CO, and subsequent vapor deposition onto Au(111). (b) Magic angle NEXAFS spectra collected at the N K-edge
of the BAC deposited on the Au(111) substrate at 100 °C (black) and then annealed at 200 °C (red). (¢, d) NEXAFS N K-edge spectra of the
BAC deposited at 100 °C (c) and annealed at 200 °C (d) collected with the electric field of the incident photons perpendicular (p-pol) and parallel
(s-pol) to the surface. The dashed vertical black line indicates the N 1s — z* LUMO absorption peak in both (c) and (d).

deposit BAC on Au(111) surfaces in ultrahigh vacuum (UHV)
and use synchrotron radiation to probe the geometry of the
carbenes on the surface through high-resolution X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray
absorption fine structure (NEXAFS). To support these
measurements, we image the surface-bound BACs using
high-resolution scanning tunneling microscopy and atomic
force microscopy (STM and AFM). Overall, our results
indicate that cyclopropenylidenes are attractive anchoring
groups to modify metal surfaces.

We first model the bonding of BAC to a Au(111) surface
using atomistic DFT-based simulations with van der Waals
interactions. We start by determining the orientation of the
cyclopropenylidene ring relative to the Au(111) surface, which
is modeled as three Au layers, each containing 36 atoms
(section 2 of the Supporting Information (SI)). For these
simulations, the tilt angle () of the ring relative to the surface
normal is fixed and all other atoms, including the surface Au
atoms, are fully relaxed. This is done by allowing the C atoms
in the cyclopropenylidene ring to shift rigidly in any direction.
The resulting energy profile is shown in Figure 1b. In the
vertical orientation (6 = 0°), the binding energy is —1.34 eV,
close to that of NHC on a Au(111) surface (—1.49 eV)."® The
favored adsorption site for BAC is an atop site with a Au—C
distance of 2.2 A. As the molecule is tilted and @ increases, the
binding energy increases due to the contributions from the
Au—C dative bond and the van der Waals interactions with the
surface. The binding energy reaches a maximum at 6 = 40°
(Figure 1b, c) and decreases for larger 8 due to a reduction of
the BAC—Au orbital overlap and steric repulsion between the
isopropyl N-substituents and the surface. The calculated
binding energy at @ = 40° is —1.65 eV, larger than the
reported value of —1.49 eV for M*NHC on Au(111)."

To quantify the steric role of the isopropyl N-substituents,
we calculate the adsorption properties of a BAC molecule in
which the isopropyl groups are replaced with H atoms
(diaminocyclopropenylidenes, DAC). The binding energy is
shown in Figure 1d as a function of tilt angle up to 6 = 70° (for
0 > 70°, the Au contact atom is extracted from the surface and
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these geometries are thus excluded). Comparison with Figure
1b reveals that both BAC and DAC adopt roughly similar tilt
angles on the Au(111) surface but the binding energy of BAC
is significantly larger (by 0.2—0.4 eV) than that of DAC. When
the tilt angle is large, however, the binding energy decreases
more rapidly for BAC due to the increased steric repulsion
with the surface. Similar to observations of NHCs bound to
Au,"” we find that dispersive interactions between the surface
and the cyclopropenylidene core and pendent isopropyl groups
contribute significantly to the binding energy. These results
suggest that the binding energy of cyclopropenylidenes to a Au
substrate could be further increased by functionalizing the ring
with amino groups bearing substituents that can strongly
interact with the surface.

We also compare the binding energies of DAC and
dihydroimidazol-2-ylidene (NHC) to understand the effect
of the ring structure. Figure 1d presents the calculated binding
energy of both model carbenes as a function of tilt angle. When
6 = 0°, the binding energies of both molecules are similar and
close to —1.10 eV. However, the DAC ring can sustain a stable
geometry for larger @ whereas the NHC core cannot. This is
seen even when calculated DAC or NHC rings are bound to a
single Au atom (Figure S2). These results suggest that
cyclopropenylidene rings can form stronger and less con-
strained bonds to a Au(111) surface.

To validate these predictions and experimentally probe the
binding of BAC to a Au surface, the BAC—CO, adduct was
synthesized and used as a precursor that thermally decomposes
in UHV to generate free BAC, which can be deposited from
the gas phase onto the Au(111) surface (Figure 2a). We
deposited BAC by thermal decomposition/sublimation of the
BAC—CO, precursor on Au(111) surfaces and performed X-
ray calculations of the C 1s core-electron binding energies for
BAC on a Au surface (Figure S8). We performed XPS
measurements on as-deposited and annealed monolayers.'®
The XPS reveals the presence of C and N on the Au(111)
surface and the absence of O, consistent with the BAC
anchored to the surface without the CO, moiety (Figure S4).
Moreover, the C 1s photoemission spectrum is well

https://dx.doi.org/10.1021/jacs.0c10743
J. Am. Chem. Soc. 2020, 142, 19902—19906
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reproduced by DFT calculations of the C 1s core-electron
binding energies for BAC on a Au surface (Figure S8). We
performed X-ray polarization dependent NEXAFS measure-
ments to determine the average orientation of the BAC ring
relative to the Au(111) surface normal (Figure 2a). For this
measurement, we focus on the N K-edge NEXAFS spectra
because the C K-edge NEXAFS spectrum contains a complex
fine structure with significant contribution from the isopropyl
groups (Figure S9).

We then examine the electronic structure of the unoccupied
molecular orbitals in both the as-deposited and annealed films
by comparing NEXAFS spectra in the magic angle config-
uration (Figure 2b). Under these specific conditions, the
orientations of the molecules do not influence the NEXAFS
signal.'"® We notice a substantial change of the measured
NEXAFS spectra between the two films, with a shift of the
main absorption peak from ~402 to ~400.5 eV after annealing
at 200 °C. Note that the peak at ~398.5 eV, which grows with
X-ray exposure, is likely due to molecular fragmentation caused
by the beam and not an intrinsic property of the BAC. DFT-
based half-core-hole calculations of the X-ray absorption
spectra of the BAC molecule coupled to a Au dimer (Figure
S10a) allow us to assign the absorption peaks at ~402 eV in
the as deposited film and at ~400.5 eV in the annealed film to
the same N 1s — z* LUMO transition (Figure S10b). Of
particular note, our DFT calculations reveal that the excitation
energy of this transition strongly depends on the Au—C
distance (Figure S10a). Although the observed energy
difference is not fully reproduced by DFT, our calculations
show a clear trend toward lower excitation energies with
decreasing Au—C distances, indicating a stronger binding of
the BAC to Au surface upon annealing. Annealing may enable
molecular migration to undercoordinated Au sites, e.g.,
adatoms, enhancing electronic coupling.

We next measure NK-edge NEXAFS spectra of a BAC
monolayer deposited on Au(111) at 100 °C with the incident
photon electric field directed either perpendicular (s-polar-
ization) or parallel (p-polarization) to the surface normal to
determine the average molecular surface orientation.'® From
the intensity difference of the N 1s — 7% LUMO transition
absorption peaks (at ~402 V) measured using s- and p-
polarizations (Figure 2c), we calculate an average 6 ~ 40°,
consistent with our DFT calculations (Figure 1b). After
annealing the sample to 200 °C, the linear dichroism of the N
1s = 7* LUMO transition (at ~400.5 eV) is enhanced (Figure
2d), resulting in @ ~ 60°. This average tilt angle is larger than
DFT-based predictions, suggesting that annealing encourages
BAC migration to undercoordinated Au sites, thus energeti-
cally favoring larger angles.

The orientation of NHCs on the surface is primarily
determined by the N-substituents.'® For BAC, the increased
distance between the N-substituted and the carbenic carbon
allows for relaxation of the molecule onto the surface and thus
a greater tilt angle . NHCs can pull adatoms from the
Au(111) substrate, forming ﬂat-lyin% bis(NHC) complexes
with the adatom on the surface.'>'”*" These adatoms can be
spectroscogically identified as satellite peaks in the XPS Au 4f
spectrum.”>?' By contrast, we see no evidence for such adatom
formation when BAC is deposited on Au(111). The XPS Au 4f
spectrum has no satellite peaks indicative of adatom formation
(Figure S4).>

To support our spectroscopic and theoretical data, we
imaged individual BAC molecules anchored to the Au surface
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with STM and AFM. Using the BAC—CO, precursor, we
deposited a sub-monolayer of BAC on a Au(111) surface at ~$
K in ultrahigh vacuum. Figure 3a shows an STM image of the

Figure 3. (a) STM image of BACs on the Au(111) surface (where the
herringbone reconstruction is visible) (0.2 V, S0 pA). (b) High-
resolution AFM image of a single BAC molecule. (c) Simulated AFM
image for a single BAC. (d) STM image of the BAC molecules on the
Au(111) surface after annealing to 110 °C for a few seconds (0.2 V,
S0 pA).

BAC:s affixed to the surface. Although a few dimers or clusters
are visible, the molecules are generally well dispersed and
separated with no preferred anchoring sites. We performed
high resolution AFM imaging at S K of a single BAC using a
CO-functionalized tip (Figure 3b). The BAC features two
bright lobes attributed to the isopropyl groups. We simulated
AFM images of the adsorbed molecule taken with a CO-
functionalized tip using a probe particle model.”> The
simulation of the most stable geometry (6 = 40°) reproduces
the main experimental observations (Figure 3c). The two
bright features, separated by ~5 A, result from the repulsion of
the hydrogen atoms in the terminal methyl groups of the
diisopropyl substituents furthest from the surface. The
molecule measures ~10 A across, the confirmed diameter of
BAC bound to reported metal-BAC complexes.”* The three-
membered ring is hidden underneath the bulky alkyl groups,
expected for 6 = 40°.

The BAC-functionalized surface was heated at 110 °C for a
few seconds and imaged again using STM to examine changes
to the bound BAC:s. Figure 3d details the rearrangement of the
molecules on the surface. At this temperature, the molecules
are clearly mobile on the surface and relocate to the
herringbone edges. The undercoordinated elbow sites of the
herringbone structure are more favorable binding sites for
BACs, corroborating the NEXAFS results.

In summary, we have studied for the first time the
functionalization of a Au surface with cyclopropenylidene
carbenes. Our results indicate that BACs bind more strongly to
the surface than NHCs, making them highly suitable as surface
binding ligands. Compared to NHCs, BACs have a unique
structure with the bulky substituents away from the carbenic
carbon. High resolution X-ray absorption spectroscopy
supported by DFT-based calculations and single molecule
imaging reveal how this structure allows BACs to adopt tilted

https://dx.doi.org/10.1021/jacs.0c10743
J. Am. Chem. Soc. 2020, 142, 19902—19906
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orientations that maximize their binding energy without Au-
adatom formation. This work opens an exciting new area of
investigation in the rapidly developing field of self-assembled
carbene monolayers on surfaces.
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1. Synthesis of BAC-CO: Precursor

BAC-CO; was synthesized following a previously reported literature procedure! starting from
bis(diisopropylamino)cyclopropenium tetrafluoroborate [BAC][BF4], also prepared via a literature
procedure.? Briefly, [BAC][BF4] was deprotonated with potassium bis(trimethylsilyl)amide
(KHMDS) in diethyl ether to form the free BAC. After removal of the solvent in vacuo, the free
carbene was dissolved in hexanes and filtered. Carbon dioxide was bubbled through the hexanes
solution to generate the adduct, BAC—CO., which precipitates from solution as a white solid.
Unlike the free carbene, BAC-CO; is air stable, affording new opportunities as a precursor in

various synthetic strategies.

2. Computational Details
Calculation of carbene molecules adsorbed on the Au(111) surface.

The adsorption properties and electronic structure of BAC and NHC molecules on the Au(111)
surface were calculated using the SIESTA implementation of density functional theory (DFT).?
The non-local vdW-DF functional of Dion et al. which includes van der Waals (vdW) interactions
in the implementation of Roman-Pérez and Soler*> was employed. The unit cell for calculations
consists of three Au(111) layers, each containing 36 atoms, plus the molecule, and a vacuum gap
of at least 10 A (Figure S1). Molecular (gold) atoms were described using a double-( (single-{ )
polarized basis set. Reciprocal space was sampled using a 2x2x1 Monkhorst pack grid and a real-
space grid was defined with an equivalent cut-off energy of 250 Ry. The coordinates of molecular
and Au surface atoms were relaxed until the Hellmann-Feynman forces acting on these atoms were
smaller than 0.02 eV/A. The tilt angle () is fixed by constraining the relative position of the atoms
in the cyclopropenylidene ring. The position of these atoms was kept fixed relative to each other,
without restricting their displacement as a rigid unit. The tilt angle is defined as the angle between
the plane of the cyclopropenylidene ring and the z axis. For the calculation of the binding energy,
corrections to basis set superposition errors were taken into account. The binding energy for the
fully unconstrained geometry is -1.72 eV, slightly higher than the geometries with constrained

angle. The contribution of dispersion interactions to the binding energy was computed for the most
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stable BAC geometry (6 = 40°) from the difference to a PBE calculation at the same geometry.
We found a contribution of -1.40 eV to the total binding energy of -1.65 eV of BAC at 6 = 40°.
The binding energy of DAC at the same angle (6 = 40°) was calculated to be -1.16 eV, of which -

0.93 eV corresponds to van der Waals interactions.

Figure S1: Unit cell used in the DFT calculations of the adsorbed molecule.

Calculation of isolated molecule and carbene-Au atom complexes.

The electronic properties of diaminocyclopropenylidene (DAC) and dihydroimidazol-2-ylidene
(NHC) molecules as well as DAC-Au; and NHC-Au; complexes in the gas phase were calculated
with Gaussian.® Exchange-correlation was approximated with the B3LYP functional. 6-31G*
(LANL2DZ) basis sets were used to describe the Au atoms. The total energy of DAC-Au; and
NHC-Aui complexes was calculated as a function of the angle between the C-Au bond and the
carbene plane<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>